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ABSTRACT
Laboratory tests were made on fifteen I-beam bridges. All the struc-
tures tested were quarter-scale models of simple-span right bridges
with five beams, the principal variables being the span length, the
amount of reinforcement in the slab, and the presence of shear con-
nectors to provide interaction between the slab and the beams.
The purpose of these tests was twofold: (1) to compare measured
strains at various points on the structure with values computed from
the theory, and (2) to determine the ultimate capacity of the bridges
and their manner of failure.
These tests were intended to supplement the analytical studies
reported in Bulletin 336. The effect on the behavior of the structure
of the discrepancies in the assumptions upon which the analysis is
based is in general of importance only quantitatively. The qualitative
picture of the action of the I-beam bridge that is given by the analysis
agrees very well with the observed behavior; that is, the relative
importance of the variables, the effects of changes in proportions, the
locations of the maximum moments, the manner of initial failure, all
are indicated faithfully by the theory. However, the numerical values
of the strains at particular points in the structure sometimes differ
appreciably from those predicted by the analysis. Even in such cases,
the reason for the discrepancy can be found in the theory, and quanti-
tative corrections can be made.
The test results are presented in detail in this bulletin, and com-
parisons are made with theoretical calculations in practically all cases.
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STUDIES OF SLAB AND BEAM HIGHWAY BRIDGES
PART I
TESTS OF SIMPLE-SPAN RIGHT I-BEAM BRIDGES
I. INTRODUCTION
1. Object of Tests.-Laboratory tests were made on fifteen I-beam
bridges. All the structures tested were quarter-scale models of simple-
span right bridges with five beams, the principal variables being the
span length, the amount of reinforcement in the slab, and the presence
of shear connectors to provide interaction between the slab and the
beams.
These tests were intended to supplement the analytical studies
reported in Bulletin 336.1 The validity of the assumptions underlying
the analysis of slabs supported on flexible beams is not completely
established; furthermore, the application of the theory to I-beam
bridges requires additional assumptions and approximations. More-
over, previous tests on simply supported slabs 2 have shown appre-
ciable disagreement between the strains measured in the reinforce-
ment and those calculated from the theory. Because of the complexity
of the I-beam structure, the applicability of the analysis can be
determined only by comparing the behavior of the actual structure
with that predicted by the analysis.
The purpose of these tests was twofold: (1) to compare measured
strains at various points on the structure with values computed from
the theory, and (2) to determine the ultimate capacity of the bridges
and their manner of failure.
2. Outline of Test Program.-The tests may be divided into three
groups, designated herein as Series I, II, and III.
Series I
The specimens of Series I were tested in 1939 and consisted of six
quarter-scale models of a bridge having a span of 20 ft. and a road-
way width of 24 ft. There were two companion specimens of each of
three types, which differed only in the nature of the bond between the
slab and the beams as follows:
Bridges W5a and W5b-Top of beam flanges waxed to destroy
bond to slab.
1 "Moments in I-beam Bridges." N. M. Newmark and C. P. Siess, Univ. of Ill. Eng. Exp.
Sta. Bul. 336, June 1942.
2 "Tests on Reinforced Concrete Slabs Subjected to Concentrated Loads." F. E. Richart and
R. W. Kluge, Univ. of Ill. Eng. Exp. Sta. Bul. 314, Jun' 1939.
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Bridges N5a and N5b-Natural bond between slab and beams.
Bridges S5a and S5b-Shear connectors providing positive me-
chanical bond.
Series II
The tests of Series II were made in 1944 and were intended to
supplement those of Series I, particularly to throw light on the action
of the longitudinal reinforcement in the slab. Tests were made on three
bridges similar to those of Series I except that the arrangement of the
reinforcement in the slab was slightly different and the beams were
waxed in all specimens. The only variable was the amount of longi-
tudinal reinforcement (parallel to the beams) in the slabs as follows:
Bridges WL5a and WL5b-Longitudinal reinforcement closely
spaced.
Bridge W05-Without longitudinal reinforcement; actually a
nominal amount was used.
Series III
The specimens of Series III were tested in 1940 and included six
quarter-scale models of a bridge with a span of 60 ft. and a roadway
width of 24 ft. There were two companion specimens of each of three
types as follows:
Bridges N15a and N15b-Natural bond between slab and beams.
Bridges S15a and S15b-Same design as bridges N15 but with
shear connectors providing positive me-
chanical bond.
Bridges C15a and C15b-Composite action between slab and beams
provided by shear connectors and al-
lowed for in the design. Also modifica-
tions in the amount of reinforcement in
the slab.
The tests on the various bridges were of two principal types,
namely:
(1) Influence line tests in which the strain or deflection at a given
point was determined for a single load moving transversely across the
bridge. The transverse section at which the load was applied was
usually the same as that at which strain or deflection was measured.
(2) Tests with simulated wheel loads in which the bridge was
loaded with either two or four concentrated loads simulating the rear
wheels of one or two trucks, and strains or deflections were measured
at various locations at the same transverse section at which the loads
were applied.
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Nearly all of the tests were made on the bridges after the slabs
had been systematically cracked by the application of a pair of loads
at various points on the structure. However, in a few instances, in-
fluence line tests were made both before and after the slab was cracked.
A brief outline of the major tests made on the bridges of each
series is given below. The tests were made after cracking unless
otherwise indicated.
Series I
Influence line tests:
Beam strains at midspan for load at midspan, both before and
after cracking test.
Slab strains at midspan for load at midspan, and at quarter-point
for load at quarter-point.
Tests with simulated wheel loads:
Beam strains for one pair of loads at midspan.
Slab strains for one pair of loads at midspan.
Series II
Influence line tests:
Beam deflections at midspan for load at midspan, both before and
after cracking test.
Tests with simulated wheel loads:
Beam strains for one and two pairs of loads at midspan.
Slab strains for one and two pairs of loads at midspan.
Series III
Influence line tests:
Beam strains at midspan for load at midspan, both before and
after cracking test.
Beam strains at midspan for load at quarter-point.
Beam deflections at midspan for load at midspan.
Slab strains at midspan for load at midspan, and at quarter-point
for load at quarter-point.
Tests with simulated wheel loads:
Beam strains for one and two pairs of loads at midspan.
Slab strains for one pair of loads at midspan, or at quarter-point.
In Series III the strains in the beams at midspan were determined
for a uniform load applied to the entire structure. This load was ap-
plied before the tests with wheel loads and remained on the bridge
during those tests in an attempt to account for the dead load of the
full-sized bridge.
Each bridge was tested to failure under the simulated wheel loads.
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For the test to failure, one pair of loads was used in Series I and III,
and two pairs were used in Series II.
3. Acknowledgments.-The tests described herein form a part of
an investigation of the effect of wheel loads on reinforced concrete
bridge slabs, which is being conducted by the Engineering Experiment
Station of the University of Illinois in cooperation with the Public
Roads Administration of the Federal Works Agency and the Illinois
Division of Highways. The investigation is under the administrative
direction of DEAN M. L. ENGER, Director of the Engineering Experi-
ment Station, PROFESSOR F. B. SEELY, Head of the Department of
Theoretical and Applied Mechanics, and PROFESSOR W. C. HUNTING-
TON, Head of the Department of Civil Engineering.
The program of the investigation is guided by an Advisory Com-
mittee having the following personnel:
Representing the Public Roads Administration: E. F. KELLEY,
Chief, Division of Physical Research; RAYMOND ARCHIBALD, Chief,
Bridge Division.
Representing the Illinois Division of Highways: G. F. BURCH,
Bridge Engineer; L. E. PHILBROOK, Assistant Bridge Engineer. (From
1936 until 1942, A. BENESCH, then Engineer of Grade Separations,
served on the Advisory Committee.)
Representing the University of Illinois: F. E. RICHART, Research
Professor of Engineering Materials; N. M. NEWMARK, Research Pro-
fessor of Civil Engineering; V. P. JENSEN, Research Associate Profes-
sor of Theoretical and Applied Mechanics.
Consultants to the Committee, from University of Illinois: W. M.
WILSON, Research Professor of Structural Engineering; T. C. SHEDD,
Professor of Structural Engineering.
The tests of Series I and III were made by R. R. PENMAN and
were reported by him as a thesis. 3 This work was under the immedi-
ate direction of N. M. NEWMARK and R. W. KLUGE, then Special Re-
search Assistant Professor of Theoretical and Applied Mechanics.
Appreciation is expressed to PROFESSORS RICHART and JENSEN for
their valued assistance in all phases of the investigation.
Credit is due the following persons for assistance in conducting
the tests: K. C. LOWE, Special Research Assistant; C. B. WILLIAMS,
JR., Special Research Graduate Assistant; W. M. PECKHAM, Special
Research Graduate Assistant; M. N. TOKAY, Special Research As-
sistant; and W. E. JOHNSON, Special Research Associate.
3 "Tests of Small-Scale Multiple-Stringer Highway Bridges," R. R. Penman, thesis sub-
mitted in partial fulfillment of the requirements for the degree of Master of Science in Theoreti-
cal and Applied Mechanics in the Graduate School of the University of Illinois, 1940.
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II. FUNDAMENTAL CONSIDERATIONS
4. Scale Relations.-All of the specimens tested were quarter-scale
models; that is, they were geometrically similar to full-sized bridges
and their linear dimensions were one-fourth as great. In order to ob-
tain.equal stresses in the model and the full-sized structure or pro-
totype, the loads on the two structures must be related as follows:
(1) Concentrated loads should be (Q4)2 = ho as large for the
model as for the prototype.
(2) Loads distributed over a length, such as the weight of a beam
per foot of length, should be % as large for the model as for the
prototype.
(3) Loads distributed over an area, such as the weight of the slab
per square foot, should have the same magnitude per unit of area for
the model as for the prototype.
In each of the above cases, the total load on the model is %6 as
great as that on the prototype.
For loads related as indicated above, deflections and other linear
movements such as slip between the slab and the beams will be 1 as
large in the model as in the prototype.
5. Definition of Terms.-The following terms are frequently used
throughout this bulletin and are, therefore, defined and explained here:
The transverse reinforcement of the slab is in the direction per-
pendicular to the beams, and perpendicular to the direction of traffic.
The longitudinal reinforcement of the slab is in the direction
parallel to the beams.
The value of b/a expresses the ratio of the transverse spacing of
the beams, b, to the span of the bridge, a.
The relative stiffness of the beam and slab is denoted by the letter
H, and is defined by the equation
H = EbIb
aEI
wherein EbIb and El are the products of the modulus of elasticity and
the moment of inertia of a beam and of a unit width of the slab
respectively.
A shear connector is a device which acts to transfer horizontal
shear across the plane between the beam and the slab. In these tests,
the shear connectors consisted of short lengths of bar channel with
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web transverse to the web of the beam, and with one flange welded
to the top flange of the beam, the other flange imbedded in the slab.
Composite action is the interaction between the beam and slab
which results from the transfer of shear between these two elements.
Complete composite action exists when the amount of shear trans-
ferred is equal to the shear computed for the beam and slab considered
as a homogeneous member. If less than this amount of shear is trans-
ferred, as is the case for transfer through friction alone, partial com-
posite action is said to exist.
6. Theoretical Analysis.-All moments and deflections used in the
theoretical analysis were obtained from the tables in Appendix A of
Bulletin 336 with b/a equal to 0.3 and 0.1, for the short-span and
long-span bridges respectively. Values of moments and deflections
are found in the tables for various values of H. It was necessary to
obtain moments and deflections for a given value of H by inter-
polating between the tabulated values. This was done by plotting
the desired quantity as a function of 1//--Hf and interpolating
graphically. The use of this inverse function made it possible to plot
the tabulated values for H equal to infinity, and otherwise facilitated
the interpolation.
For bridges with composite action, the value of Ib was computed
for a composite section consisting of the steel beam and a portion of
the slab having a width equal to the center-to-center spacing of the
beams. The gross area of the slab was transformed to an equivalent
area of steel in the usual manner. For bridges without composite
action, the value of Ib used in the expression for H was the customary
value for a rolled beam.
The moment of inertia, I, per unit width of the slab may be
computed for various assumptions, the more common of which are
as follows:
(1) For the gross area of the concrete only.
(2) For the gross area of the concrete slab plus the transformed
area of the reinforcing steel in the transverse direction.
(3) For the completely cracked slab; that is, for a slab with the
concrete effective only above the neutral axis, and with the trans-
formed area of the reinforcement considered only below that level.
For the bridges used in these tests, method (2) gives a value of I
about 12 per cent greater than that given by method (1), while
method (3) gives a value only about one-third as large as that ob-
tained by method (1).
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The calculation of the strains in the reinforcement for a given
value of the moment presented two alternatives; namely, the use of
either an "uncracked" section or a "cracked" section. In general,
strains were computed for both of these assumptions for comparison
with the measured values.
In all calculations for strain or for values of H, the modulus of
elasticity of steel, E8 , was taken equal to 30 000 000 lb. per sq. in.
III. DESCRIPTION OF TEST SPECIMENS AND APPARATUS
7. Description of Bridges.-The test specimens may be considered
as quarter-scale models of full-sized I-beam bridges from which cer-
tain details were omitted in order to facilitate comparison of the test
results with the analysis. The usual sidewalks, curbs, and hand-rails
were omitted, and the roadway was without crown or wearing surface.
The beams were equally spaced, and the outside beams were placed
at the edge of the slab.
The test specimens were not scaled down from full-sized bridges
but were themselves designed, using H-20 truck loadings* reduced in
accordance with the scale relations given in Section 4. The designs for
Series I were based in part on moments obtained from tables which
were later incorporated into Bulletin 336, and in part on standard
designs then in use by the Illinois Division of Highways. The designs
so obtained were for bridges with no composite action. Bridges S5 were
identical with W5 and N5 except for the presence of shear connectors.
Strictly speaking, the beams for the bridges of Series II were not
designed; the I-beams used in the models were intended to be the same
as those used in Series I. Actually, a somewhat lighter beam was used
because of wartime restrictions on the available sizes. The slab rein-
forcement for bridges WL5 of this series was designed by the approxi-
mate procedure given in Bulletin 336. 5 The reinforcement for bridge
W05 was similar to that for WL5 except that the amount of longi-
tudinal reinforcement in the bottom of the slab was arbitrarily re-
duced to a nominal amount.
The design procedure for Series III was similar to that used for
Series I except that a paving allowance of 25 lb. per sq. ft. was con-
sidered, in addition to a dead load corresponding to a full-sized struc-
ture. Some of the designs were modified on the basis of the results
4 "Specifications for Highway Bridges," American Association of State Highway Officials,
1935 and 1941.
Bul. 336, Section 24, pp. 50-51.
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obtained from the tests of Series I. Bridges S15 were identical with
N15 except for the use of shear connectors. The amount of reinforce-
ment in the slab was decreased in bridges C15 because of the small
strains which were observed in the tests of bridges S15.
An allowable stress of 18 000 lb. per sq. in. in the steel was used
for both the beams and the reinforcement. Inasmuch as the slab thick-
ness of 1/4 in. was more or less arbitrarily chosen for all of the bridges,
the allowable stress in the concrete did not enter into the design.
The design details for all of the test specimens are given in Table
1, and typical sections are shown in Fig. 1. Design details and dimen-
sions for full-sized bridges most nearly corresponding to the various
test specimens are given in Table 2. In order that the model and the
full-sized structure have the proper scale relation to each other they
must have the same values of b/a and the same values of H.
I I I IIi
I< ------ 4 13 I'-6" 6 '-0"------- -I
Transverse Section
LoniI'ud/iaa/ Section
a-Ser/es Z ana/d .
--- 4@ 's"-e-6"o" 6---
Trans verse Section
LNon''/.'/oa-/ Sect ont
b - Ser/es .Z
Note : For further 'eita//s see Tab/e /.
FIG. 1. SECTIONS OF MODEL BRIDGES
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8. Materials.-The physical properties of the steel in the beams
were obtained from tension tests on coupons cut from the flanges. The
results are given in Table 3.
TABLE 3
PHYSICAL PROPERTIES OF STEEL IN BEAMS
Series Size and Weight Number of Yield Point Ultimate EPer Cent
of Beam Tests lb. per sq. in. lb. per sq. in. in 2 in.
I 3 in.-I-6.5 lb. 3 37 400 65 300 36
II 3 in.-I-5.7 lb. 6 41 500 63 400 36
III 10 in.-JB-9.0 lb. 3 43 200 70 700 33
8 in.-JB-6.5 lb. 5 41 000 64 900 36
NOTE: Test coupons were cut from the flanges and were about iV2X •4 in. in cross section.
The slab reinforcement consisted of %-in. square cold-finished bars
of SAE 1112 steel. Since these bars had a high yield strength and low
elongation, they were given a special heat treatment in order to bring
their properties more in line with those of ordinary intermediate
grade reinforcing steel. This treatment was as follows: The bars were
packed tightly into an iron pipe in order to prevent oxidation in the
furnace. The pipe was then placed in a furnace, the temperature of
which was raised slowly to about 1600-1650 deg. F. and held at that
level for four hours, after which the pipe was allowed to cool, either in
the furnace or in air. In addition to thus lowering the strength of the
bars it was necessary to roughen their surfaces, since the cold-finished
surfaces were too smooth to provide satisfactory bond. This was done
by cleaning the bars thoroughly with a 50 per cent solution of com-
mercial muriatic acid, and then allowing a layer of firm rust to form.
The properties of the heat-treated bars are given in Table 4.
The slabs were made from a sand-cement mortar consisting of a
standard brand of Portland cement and an artificially graded mixture
TABLE 4
PHYSICAL PROPERTIES OF Y8-INCH SQUARE REINFORCING BARS
S. Number of Yield Point Ultimate Strength Per Cent Elonga-
eries Tests lb. per sq. in. lb. per sq. in. tion in 2 in.
I 6 44 000 62 000 33
II 14 45 600 63 000 30
III 6 45 000 62 100 32
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of Wabash River Valley torpedo sand and fine Lake Michigan beach
sand. The proportion of cement to sand was 1:6.5 by weight for Series
I and III, and 1:4.95 by weight for Series II. The water-cement ratio
by weight was 0.82 for Series I and III, and 0.75 for Series II. The
sand from the two sources was separated into size groups by sieving,
and recombined in the proportions given in the following table:
Type of Sand Sieve Size Percentage byGroup Weight
W abash River ................ ... . Over 4 0
M- 4 3
4- 8 22
8-16 20
16 - 30 15
30-50 9
Lake Michigan ...... .. ............ 50 - 100 16
Pass 100 15
Total 100
The properties of the mortar in the various specimens are given in
Table 5. As will be described in Section 9, the slabs on all bridges
were given a protective coating in order to decrease shrinkage. In all
cases, the control cylinders were given a similar coating, and, in addi-
tion, for Series I and III, a few cylinders were left uncoated. The
results of the tests on the coated and uncoated cylinders are listed
separately in Table 5. In Series I and III, the control cylinders were
tested only after the conclusion of the tests on the bridge, although
these tests were usually begun when the bridge was 28 days old. In
Series II, cylinders were tested at 28 days, at which time the tests on
the bridge were begun; at an age corresponding to the beginning of
tests under simulated wheel loads (35 or 36 days); and finally, at the
conclusion of the tests (88 or 115 days).
The modulus of elasticity was determined from stress-strain curves
obtained with a compressometer having a two-inch gage length. For
Series I and III, a value of n = 8, corresponding to Ec = 3 750 000 lb.
per sq. in., was used in computing the values of H and other properties
of the section. This value was close enough to the average measured
value so that no correction was considered necessary. For Series II,
all calculations were based on the measured value of n = 9.4, cor-
responding to Ec = 3 200 000 lb. per sq. in.
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FIG. 2. VIEW OF BEAMS FOR BRIDGES N15 AND S15; SERIES III
9. Construction of Test Specimens.-The five I-beams for each
bridge were assembled into a single frame by means of the end dia-
phragms which were either welded or bolted to the beams. In all cases
the upper flange of the end diaphragms bore directly against the bot-
tom of the slab. A view of the beams for two bridges of Series III
is shown in Fig. 2, in which the end diaphragms may be clearly seen.
Other views of the diaphragms are shown in Figs. 1, 4, and 5. Inter-
mediate diaphragms in the long-span bridges consisted of 3-in. by
2-in. by •%G-in. angles which were welded to the webs of the I-beams
about 11, in. below the top of the beam, as indicated on Fig. 1.
Bearing blocks or rockers with a radius of 3 in. were placed at the
ends of each beam. Where shear connectors were used, they were
welded to the upper flange of the beam in the direction at right angles
to the axis of the beam, with a continuous fillet weld along both edges
of the flange of the channel shear connector.
After the beams were assembled, they were placed on the piers and
the forms for the slab were constructed. Plywood bottom forms and
steel side forms were used.
All of the reinforcement for the slab of one bridge was assembled
into a single mat. All bars in each layer were securely wired to each
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FIG. 3. VIEW OF REINFORCEMENT FOR BRIDGE N15; SERIES III
other where they crossed, and the two layers were spaced at the proper
distance by a number of %/16-in. square steel spacer bars, each contain-
ing two notches to receive the reinforcing bars of the two layers. The
notches were spaced so as to provide a depth of cover equal to 1/, in.
between the transverse bars and the surface of the slab. A view of the
reinforcement for one of the long-span bridges is shown in Fig. 3.
In Series II, loops of 1%-in. square bars were welded to the top
flange of the beams at each corner of the bridge and embedded in the
slab. This was done in order to tie the slab to the beams and thus
restrain it from curling as a result of shrinkage.
The mortar for the slabs was mixed for 3 minutes in a Lancaster
mortar mixer of 2-cu. ft. capacity. It was then placed in the forms
with the aid of a vibratory screed consisting of a Viber laboratory
type vibrator attached to a 6-ft. length of two-by-four lumber. During
these operations, the entire weight of the forms and of the slab was
carried by the I-beams since no intermediate supports or shoring were
used. Thus, for the bridges with composite action, the dead load of the
structure was carried by the steel beams alone. As soon as the con-
sistency of the mortar permitted, the top surface of the slab was
struck off smooth and trowelled. The slab was then allowed to cure in
the forms under wet burlap for 7 days. At the end of this period, the
forms were removed and all of the exposed surfaces of the slab were
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treated to prevent excessive drying and shrinkage with resultant curl-
ing of the relatively thin slab. For the bridges of Series I and III, this
treatment consisted of applying a film of paraffin to all surfaces of
the slab. The presence of the paraffin, however, prevented the detectionL
of cracks on the bottom of the slab; therefore, in Series II the treat-
ment used consisted of the application of two coats of "Damit 45", a
commercial curing compound. The bridges were allowed to age an ad-
ditional 21 days before being tested.
In the "W" bridges of Series I and II an attempt was made to
prevent bond between the slab and the beam by coating the top sur-
face of the beams. In Series I this coating consisted of a thin film of
paraffin; in Series II, the surface was given a thin film of furniture
wax and then oiled. In the bridges with natural bond the upper sur-
face of the beam was merely cleaned before casting the slab.
10. Loading Apparatus.-The bridges were supported on concrete
piers about 6 ft. high to permit access to the underside for strain meas-
urements. Load was applied by means of a screw-jack bearing against
a steel frame which was anchored to the floor of the laboratory. Elastic
ring dynamometers of 10 000-lb., 20 000-lb., or 125 000-lb. capacity,
with an error of less than one per cent, were used to measure the loads.
In the 1941 A.A.S.H.O. specifications it is apparently assumed that
the wheel load of a truck is uniformly distributed over a circular area
having a diameter of 15 in. Since the test specimens were quarter-
scale models, the loads were applied through steel disks 33/4 in. in
diameter which were bedded on a sheet of sponge rubber to insure
uniform distribution of the load.
Where more than one load was applied simultaneously, a distribut-
ing beam was used to transmit the load from one jack to two loading
disks. Views of the loading apparatus and general test set-up are
shown in Figs. 4 and 5.
11. Instruments.-Strains in the beams were measured with a 2-in.
Berry strain gage, except for some of the tests at low loads in Series I
and III in which Huggenberger Tensometer gages were used on a 2-in.
gage length. The Huggenberger gages, which had a nominal multipli-
cation of about 1200, were also used for the measurement of strains
in the reinforcement. A 2-in. gage length was used in Series I and III,
and a 1-in. gage length was used in Series II.
Slip between the slab and the center beam was measured on the
bridges of Series I and III by means of 0.001-in. Ames dial gages.
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FIG. 4. VIEW OF LOADING APPARATUS FOR SHORT-SPAN BRIDGES; SERIES I AND II
FIG. 5. VIEW OF LOADING APPARATUS FOR LONG-SPAN BRIDGES; SERIES III
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These were attached to the flanges of the beams near the supports and
their spindles bore against a small metal bracket cemented to the slab.
One dial gage was placed on each side of the beam at each end.
Deflection of the beams was measured by means of deflectometers
equipped with 0.001-in. Ames dial gages.
IV. SERIES I: TESTS OF SHORT-SPAN BRIDGES
12. Description of Tests.-The tests of Series I were made on six
bridges having spans of 5 ft. There were two companion specimens of
each of three types, which differed only in the nature of the bond
between the slab and the beams as follows:
Bridges W5a and W5b-Top of beam flanges waxed to destroy bond
to beam.
Bridges N5a and N5b-Natural bond between slab and beams.
Bridges S5a and S5b-Shear connectors providing positive me-
chanical bond.
Details of the bridges are given in Fig. 1 and Table 1.
Substantially the same tests were made on all the bridges of this
series. They are described briefly below and are discussed in detail in
the following sections:
Cracking Test. The slab of each bridge was systematically cracked
over the central portion of the span by the application of a pair of
3000-lb. loads at the ten locations indicated on Fig. 6. Since the sur-
faces of the slab had been coated with paraffin in order to prevent
loss of moisture,. it was impossible to observe the cracks resulting
from this test. However, a similar test had been made on a preliminary
specimen in which the slab was left uncoated, and a diagram of the
cracks on the bottom of this bridge is shown in Fig. 7. Since this
specimen did not have shear connectors it seems likely that the pat-
tern of cracking for bridges W5 and N5 was similar to that shown in
the figure. The cracking of bridges S5 with composite action was prob-
ably somewhat less extensive.
Influence Lines for Strains in Beams. Strains in the beams at mid-
span for a single load moving transversely across the bridge at
midspan were measured both before and after the cracking test. Before
the slab was cracked, a load of 700 lb. for W5 and N5 and a load of
1200 lb. for S5 was applied successively over each beam. After the slab
was cracked, the load was applied over each beam and at the center of
each panel. Two magnitudes of load, 1000 lb. and 2000 lb., were ap-
plied at each position. Strains were measured on three gage lines for
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FIG. 6. LOCATION OF LOAD POINTS AND STRAIN GAGE LINES IN SERIES I
FIG. 7. PATTERN OF CRACKING ON BOTTOM OF SLAB AFTER CRACKING TEST; SERIES I
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each beam, one on the bottom flange on the center line of the beam and
two on the under side of the top flange near each edge. The locations
of these gage lines are indicated in Fig. 6.
Influence Lines for Strains in Slab Reinforcement. Strains in the
transverse reinforcement at midspan and at the quarter-point were
measured for a single load moving transversely across the bridge at
the same section. Two magnitudes of load, 1500 lb. and 3000 lb., were
applied at the following positions: over each beam, at the center of
each panel, and midway between these points. Strains were measured
on one gage line on the bottom transverse reinforcement at the center
of each panel, and on one gage line on the top transverse reinforcement
over each interior beam. No strains were measured in the top rein-
forcement when a load was applied at the gage line. The locations of
the gage lines are shown on Fig. 6.
Tests with Simulated Wheel Loads. The bridge was loaded with a
pair of loads at the centers of panels AB and BC (see Fig. 6) at mid-
span. Strains were measured on the top and bottom flanges of all
beams, in the bottom transverse reinforcement on one gage line under
each load, in the top transverse reinforcement on one gage line over
beam B, and in the bottom longitudinal reinforcement on one gage
line under each load. The load was applied in increments of 500 lb.
per panel until a strain approaching the yield point was reached in
the reinforcement. This occurred at loads of about 4500 lb. for bridges
W5 and N5, and 6500 lb. for bridge S5. The test was then repeated
with loads in panels CD and DE, but the load was increased until
failure of the slab occurred. Strains in the longitudinal reinforcement
were measured only on bridges W5b, N5b, and S5b. Because the gage
lines intersected those on the transverse bars, the longitudinal strains
were measured in separate tests, one on each half of the bridge, with
maximum loads of 4000 lb. for W5 and N5 and 5000 lb. for S5. No
longitudinal strains were measured in the test to failure.
Slip Measurements. Slip between the slab and the center beam
was measured in the cracking test for all bridges except W5a, and in
the tests with simulated wheel loads for all bridges. The slip gages
were located on each side of the beam near the supports.
13. Influence Lines for Strains in Beams.-The influence lines for
strains in the beams at midspan for a load moving transversely across
the bridge at midspan are given in Fig. 8. Three sets of values are
shown for each beam: (1) the strains obtained before the cracking test,
(2) the strains obtained after the cracking test, and (3) the computed
strains.
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In the tests before cracking, bridge W5a behaved as if the bond
between the slab and the beams had been almost entirely destroyed by
waxing the beams. This was not true, however, for W5b, which dis-
played almost complete composite action even though the beams had
also been waxed. Similarly, bridge N5a with natural bond displayed
composite action as intended, while N5b acted in the same manner
as W5a. After the cracking test, none of these four specimens ex-
hibited any composite action or any difference in behavior which could
be attributed to variations in the amount of bond. It may therefore
be inferred that any bond which existed prior to the cracking test was
effectively destroyed in that test. Consequently, bridges W5 and N5
were considered to be similar, and values obtained from all tests sub-
sequent to the cracking test were averaged.
The values of the measured strains in Fig. 8a for the test before
cracking represent the averages for bridges W5a and N5b in which the
bond had been broken. The strains for bridges W5b and N5a, in
which the bond was not broken until the cracking test, compared
favorably with those shown in Fig. 8b for the bridges with composite
action. For the measured strains after cracking in Fig. 8a, the averages
for all four bridges were used. For the tests after cracking, the strains
per unit load as determined for the two magnitudes of load were also
averaged. The influence line for the edge beam is the average of those
obtained for beams A and E, and that for the intermediate beam is
the average for beams B and D. Similarly, strains in the center beam
for symmetrically placed loads were averaged and the resulting in-
fluence line is symmetrical.
The strains shown on Fig. 8a for the bridges without composite
action will be discussed first. Only the strains in the bottom flange are
shown in this figure. The top flange strains 6 were in all cases less than
those shown, being about 75 per cent as large before cracking and
about 90 per cent as large after cracking. This fact is significant, since
such a difference between the strains in the two flanges could result
only from the existence of partial composite action between the beams
and the slab. For no composite action the strains would be equal, while
for complete composite action the top flange strains would be very
close to zero as can be seen from Fig. 8b. Since the top flange strain
was a greater percentage of the bottom flange strain after cracking
SThe strains measured on the under side of the top flange were adjusted to refer to the
upper side of that flange so that comparisons could be made with the results of the analysis and
with measured strains for the bottom flange. This adjustment was made for the bridges without
composite action by assuming the neutral axis to lie at the mid-depth of the beam, and for the
bridges with composite action by graphical extrapolation from the measured values. Neither
of these methods is exact but it is believed that the errors are tolerable. In all references to the
top flange strains these adjusted values will be meant.
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than before, it would appear that the degree of composite action exist-
ing was decreased by the cracking of the slab. This is not unreasonable,
since the only likely source of such composite action is friction be-
tween the slab and the beams, and this friction could possibly have
been decreased by the disruption of the continuity of the slab due to
cracking. It seems evident from the foregoing discussion that partial
composite action existed in these bridges both before and after crack-
ing, but to a lesser degree after cracking.
There are several possible effects of partial composite action. First,
the section modulus for the bottom flange of the beam is increased
from the value corresponding to no composite action. The increase is
less for a cracked slab than for an uncracked slab since the degree of
composite action is less after cracking. For the observed degrees of
interaction before and after cracking, the change in section modulus
is only about 6 per cent, while the observed increase in strains in the
lower flange due to cracking is considerably greater. However, there
are still other effects to be considered. The presence of partial com-
posite action increases the value of EbIb over that for no composite
action, but this increase is slightly less after cracking of the slab than
before. On the other hand, cracking of the slab greatly reduces the
value of EI. Therefore the value of H is greater for a beam with com-
posite action than for one without, and it is greater after cracking
than before cracking. Since the beam moments vary directly as some
function of H, with partial composite action they will be greater than
for no composite action and they will be greater after cracking
than befdre.
The increase of measured strain after cracking can thus be ex-
plained on the basis of an increase in moment due to an increase in
H, and a simultaneous decrease in the section modulus of the beam
due to a decrease in composite action. In the light of this complex
behavior, which cannot be adequately evaluated in an analysis, the
lack of agreement between the measured strains after cracking and
the computed strains is not surprising. The value of H used, 0.81, is
based on the gross section of the slab. Although the agreement between
the measured and computed strains can be improved by an arbitrary
increase in the value of H, there are reasons discussed subsequently
why such a modification is not desirable. The use of the gross section
in computing the moment of inertia of the slab is consistent with
the usual procedure for computing the stiffness of reinforced con-
crete members.
The influence lines for beam strains in the bridges with composite
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action are shown in Fig. 8b. Measured strains for both top and bottom
flanges and computed strains for H = 3.25 are shown. This value of
H is also based on the gross section of the slab. The agreement be-
tween measured and computed strains is good, although the strains in
a beam for a load over that beam are slightly less than the computed
values. In general, the measured strains indicate that complete com-
posite action was obtained.
In contrast to Fig. 8a, there is practically no difference in the
strains before and after cracking. This may be explained partly by
the fact that complete composite action was present at all times and
thus no change occurred in the section modulus of the beam. Also, the
cracking of the slab was probably less than for bridges W5 and N5.
Furthermore, the effect on the moments of changes in H is smaller for
these bridges which have a considerably larger value of H. As before,
the magnitude of these effects cannot be stated quantitatively since
various unknown quantities such as the amount of cracking are
involved.
It may be noted in Fig. 8b that for a load over the center beam or
over an intermediate beam, the strain in the edge beam is greater than
the computed value. This can be explained as follows: It is assumed
in the analysis that the slab is supported on five beams of equal stiff-
ness. This assumption is satisfied for the model bridges without com-
posite action, but not for those with shear connectors, such as S5. In
the latter case the composite beam may be considered to consist of the
I-beam plus a portion of the slab having a width equal to the beam
spacing. In the -actual specimen, this is possible for the interior beams
but not for the edge beams since the slab does not project beyond the
edge of the beam flange. If the portion of the slab acting with the
beam is taken as extending only to the center of the panel, the moment
of inertia of the edge beam, and consequently H, is about 18 per cent
less than the corresponding values for the interior beams. The section
modulus for the bottom flange of the edge beam is also decreased by
about 5 per cent. The effect of reducing the value of H for the edge
beams is to reduce the amount of moment coming to those beams. The
exact amount of this reduction cannot easily be computed, but from
the strains in Fig. 8b it would seem that the moment is not reduced as
much as the section modulus for the bottom flange, since the strains
are increased. Furthermore, if a load is applied over a less stiff edge
beam, the moment carried by the remaining beams will be increased
over that for equally stiff beams. Such an increase in moment is ac-
companied by an increase in strain since the section modulus of the
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interior beams is not changed. Evidence of this effect can be noted
from the influence lines for the center and intermediate beams in
Fig. 8b.
In a full-sized bridge this discrepancy would ordinarily not exist,
since the presence of a curb and handrail at the side of the bridge will
usually compensate for the missing half panel of the slab. In fact, it is
not unusual to have the equivalent edge beams, including the curb and
handrail, somewhat stiffer than the remaining beams.
14. Influence Lines for Strains in Slab Reinforcement.-Influence
lines for strains in the transverse slab reinforcement at midspan and
at the quarter-point are given in Figs. 9 and 10. The strains were
measured on both halves of the bridge and for two magnitudes of load
as described in Section 12, and the plotted values represent the aver-
ages for all observations on all specimens of each type. The theoretical
moments in the slab were computed for H = 0.81 for bridges W5 and
N5, and for H = 3.25 for bridges S5. Strains were computed from these
moments for the two conditions of the slab, cracked and uncracked. It
can be seen from the figures that, for the same moment, the computed
strains for the cracked slab are about seven times as great as those for
the uncracked slab.
The agreement between the measured and computed strains at the
center of a panel is generally poor. At midspan, where the slab should
have been thoroughly cracked in the cracking test, the maximum
measured strains are 50 to 70 per cent of the computed values for
W5 and N5, and 32 to 38 per cent for S5. At the quarter-points the
corresponding values are 40 to 44 per cent for W5 and N5, and 28 to
29 per cent for S5. The smaller percentages at the quarter-point may
be due to the fact that the slab was not cracked to the same extent at
that point as at midspan. Reference to the location of the cracking
loads on Fig. 6 will show why this was probably true. A decreased
amount of cracking probably affected both the distribution of the
moments and the magnitude of the strains produced by them.
For positions of the load some distance from the point at which
strains were measured, the measured strains at the center of a panel
are only about 15 per cent of the computed strains for the cracked
slab, and therefore appear to agree with the computed values for the
uncracked slab. Since the slab was known to be cracked, such an
agreement has no rational basis and is believed to be purely fortuitous.
Measured strains over a beam appear to be in agreement with those
computed for the uncracked slab. This, together with other evidence,
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leads to the conclusion that the slab was actually uncracked at these
locations. Although the very small measured strains indicate that the
slab was uncracked, they differ by substantial percentages from the
computed values and no definite conclusion can be drawn regarding
the relative magnitude of the actual and theoretical moments in the
slab over the beams.
In general the deviations of the measured strains from the com-
puted strains result from differences between the conditions assumed
in the analysis and the conditions existing in the test. The computation
of strain may be divided into two steps: (1) the determination of the
moments produced by the loads, and (2) the calculation of the strain
at a given section due to the moments at that section. Since the
second step is in some ways the simpler it will be discussed first. The
two main sources of discrepancy between computed and measured
strains produced by a given moment in a beam are (1) the fact that
the measured strain is an average over some distance, and (2) the
possibility that the concrete or mortar is not completely cracked and
therefore carries some tension. Both of these sources of error tend to
reduce the measured strain. These effects have been investigated in
the tests of small beams described in Appendix A, and on the basis
of those tests it may be concluded that a difference of as much as
25 per cent is possible for a single gage line, but for a large number of
measurements the average discrepancy due to these two causes is of
the order of about 10 per cent. In a slab, there are added complica-
tions because of the additional dimension which cannot be evaluated
in the light of present knowledge.
The major sources of error in the computation of moments in a slab
are the differences between the homogeneous, isotropic, elastic plate
assumed in the analysis and the reinforced concrete slab which is
cracked and in which tensions are resisted by steel bars in two direc-
tions. It would be most unreasonable to believe that the moments in
two such different structures would have any simple relationship.
Since the moments in a slab cannot be measured, they must be
inferred from measurements of strain; hence experimentally deter-
mined moments in concrete slabs are subject to considerable uncer-
tainty because of the errors in the relationship between moment and
strain discussed above. Furthermore, tests on simply supported slabs7
indicate that for a concentrated load, the measured strains in the re-
inforcement under the load are considerably less than the strains
computed from the theoretical moments. The proportions observed
ranged from 40 to 90 per cent.
7 Bul. 314, Univ. of Ill. Eng. Exp. Sta.
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There are additional chances for discrepancy in the more compli-
cated structure considered in these tests. For example, the results of
these tests suggest that the slab was not cracked over the beams,
whereas it appears to have been cracked at the centers of the panels.
Obviously, this changes the distribution of the positive and negative
moments between the two locations, and has the effect of reducing the
positive moment at the center of the panel. Another factor is the con-
dition at the supports; the slab is supported on beams having a finite
width equal to 0.13 of the center-to-center span, rather than on a
line support as assumed in the analysis. The finite width of beam
tends to decrease the effective span of the slab, and thus to decrease
the moment, and to restrain the slab over the beams by allowing the
torsional resistance of the beam to come into play. This latter effect
is much greater for the bridges with composite action since the com-
posite T-beam has a greater torsional stiffness than the I-beam alone.
There is evidence of this in the fact that the maximum strains at the
center of a panel were 40 to 70 per cent of the computed values for
W5 and N5, and only 28 to 38 per cent for S5.
Most of the effects discussed above tend to make the measured
strains smaller than the computed strains. In general, no quantitative
measure of their cumulative effect can be given.
15. Strains in Beams for Tests with Simulated Wheel Loads.-The
results of tests with simulated wheel loads are presented in the form
of load-strain curves in Fig. 11. The plotted strains are the averages
from two tests on each bridge, one with loads at AB and BC, and the
other with loads at CD and DE. The strains from any single test did
not deviate from the average curve shown by more than 10 per cent.
Only the bottom flange strains for the bridges without composite
action are plotted in Fig. lla. The top flange strains were slightly
smaller for the intermediate beam but were equal to the bottom flange
strains for the remaining beams. The strains are not shown for the
two beams on the unloaded half of the bridge, but they were prac-
tically zero for all loads up to the maximum.
Computed strains are shown in Fig. lla for H = 0.81, and in all
cases they are exceeded by the measured values. This excess of meas-
ured over computed strain was also observed for the influence lines on
Fig. 8a. However, the agreement between the measured strains in
Fig. lla and those predicted from Fig. 8a is not too good. Specifically,
the strains measured in the tests with simulated wheel loads were the
following percentages of those predicted from the measured influence
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FIG. 11. LOAD-STRAIN CURVES FOR BEAMS; SERIES I
lines: edge beam, 93 per cent; intermediate beam, 108 per cent; center
beam, 123 per cent.
It was mentioned above that the two beams on the unloaded side
of the bridge were unstressed. The probable reason is that these two
beams were not bearing on the piers as a result of curling of the slab
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due to shrinkage. Such an occurrence also offers an explanation for
the large strains observed in the center beam.
The decrease in slab moment caused by cracking is a possible cause
for the large measured strains. In a short-span bridge for which the
value of H is small, a large proportion of the longitudinal moment
is carried by the slab. Theoretically, for bridges W5 and N5 the slab
should carry about 30 per cent of the total statical moment. Any
cracking of the slab, however, reduces the slab moment at the section
which is cracked and transfers some of this moment to the beams. The
strains shown on Fig. 11a for loads smaller than 4500 lb. indicate that
the beams were carrying about 80 per cent of the total moment, the
other 20 per cent being carried by the slab.
Both bottom and top flange strains are given in Fig. llb for the
bridges with composite action. As in Fig. lla, the strains were prac-
tically zero for the two beams not shown on the figure. However, this
is not necessarily an indication that those beams were not bearing
on the piers, since theoretically, for a bridge with relatively stiff
beams, the major portion of the load is carried by the three beams
for which load-strain curves are shown.
The measured strains are from 12 to 30 per cent greater than the
computed strains. In fact, the sum of the moments computed from the
measured strains in the beams is almost exactly equal to the total
static moment, and consequently greater than the theory indicates.
A possible explanation is that the section modulus of the composite
beam which was used in the computation of strain was too great. The
discrepancy was evidently not due to a lack of complete composite
action, since a decrease in composite action sufficient to account for an
increase of only 10 per cent in the bottom flange strain would cause
the top flange strain to change sign and to increase in magnitude
about 800 per cent. A better explanation is as follows: After the tests
had been completed, it was discovered that 3-in., 5.7-lb. beams had
been used in *some of the bridges instead of 3-in., 6.5-lb. beams,
although, unfortunately, it was not possible to determine which
bridges had been constructed with the lighter beams. The effect of
this substitution would be negligible for the bridges without composite
action, since the difference in section modulus of only 5 per cent for
the I-beam acting alone was small compared to the normal spread in
the results from the various tests. However, the properties of the com-
posite beam are affected to a greater extent, and in such a manner as
partially to account for the results shown in Fig. lib. For the lighter
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beams, strain in the bottom flange is increased about 10 per cent, and
that in the top flange is increased about 80 per cent and retains the
same sign. There is also a decrease of 8 per cent in stiffness of the beam
and consequently in H, but this has practically no effect on the
theoretical beam moments. The measured and computed strains are
thus brought into better agreement by assuming the accidental use
of the lighter beams.
Even with the above correction, however, the measured values are
still from 4 to 19 per cent greater than the computed values, and most
of this excess cannot satisfactorily be explained without assuming an
increase in the beam moments due to a decrease in the slab moment
as a result of cracking. Also, as mentioned in Section 13, the strain
in the edge beam should be greater because of the decreased width of
slab acting with the I-beam to form the composite beam. For the same
reason, however, the stiffness of the edge beam is reduced and moment
is transferred from it to the other beams. These several overlapping
causes may be sufficient to explain all of the discrepancies between
measured and computed strains, but as has been noted previously, the
net effect cannot readily be stated quantitatively.
The portions of the load-strain curves corresponding to the higher
loads applied in the tests to failure are discussed in Section 19.
16. Strains in Slab Reinforcement for Tests with Simulated Wheel
Loads.-Load-strain curves for the slab reinforcement are given in
Fig. 12. The results of the various tests runs on the different bridges
have not been averaged except in one or two cases where the agree-
ment was so close that separate curves could not be shown on the dia-
gram. The computed strains shown in the figure correspond to those
plotted in Figs. 9 and 10.
The measured strains are in all cases less than the computed values.
This is to be expected from the influence lines in Figs. 9 and 10, al-
though the strains predicted on the basis of the influence lines are
generally less than those obtained in these tests.
The transverse strains are always smaller for the bridges with com-
posite action than for the bridges without it. This is probably due to
the increased torsional resistance of the composite beams, but also
may be caused by a difference in the extent of cracking in the two
types of bridges.
The transverse strains over the beam are considerably less than
the computed strains for the cracked slab, yet they are from two to
four times those for the uncracked slab. It should be pointed out that
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these load-strain curves do not show the customary "knee" or "break"
which accompanies cracking of the mortar, until rather high loads are
reached. In Series II and III, in which strains in the reinforcement
were measured for loads causing first cracking of the slab, it was
found that cracking usually occurred at strains of about 10 to 20 x 10-1.
This is in agreement with the curves shown on Fig. 20, in which a
break occurs at a strain of about that magnitude or slightly greater.
The measured longitudinal strains are 30 to 40 per cent of the
computed longitudinal strains in bridges W5 and N5 and only about
10 per cent in bridges S5. Nevertheless, the measured longitudinal
strains are generally of about the same order of magnitude as the
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transverse strains at the centers of the panels for bridges W5 and N5.
At first thought, the smaller longitudinal strains in the bridges with
composite action might be attributed to the presence of compressive
strains in the slab resulting from its action as the top flange of a
composite beam. Calculations show, however, that the decrease in
strain from this action cannot be greater than about 10 per cent of the
strain in the bottom flange of the beams. For a load of 4000 lb. per
panel, this is only from 3 to 5 x 10- 1, and obviously is negligible com-
pared to the reductions being considered.
In summary, the following relations are observed from Fig. 12:
(1) The measured strains are nearly always less than the computed
strains for the cracked slab. (2) The measured strains are always
smaller for the bridges with composite action than for those without.
(3) The strains in the transverse reinforcement over the beam indi-
cate that the slab probably was not cracked at that location until
relatively high loads were reached. However, it appears that the
moment was greater than the computed value, since the measured
strains were greater than those computed for the uncracked slab.
(4) The measured longitudinal strains were of the same order of mag-
nitude as the transverse strains at the center of a panel for the bridges
without composite action, but were smaller for the bridges with com-
posite action.
17. Slip between Slab and Beam.-Slip between the slab and the
center beam was measured in the cracking tests and in the tests with
simulated wheel loads. The measurements were made on each side of
the beam at points over the supports.
It will be recalled that the bond between the beam and slab in
bridges W5b and N5a was not destroyed until the cracking test. Con-
sequently, the load at which the bond was first destroyed can be de-
termined from the load at which measurable slip first took place. The
pair of loads used in the cracking test was applied first at AB and BC
at midspan, and first slip occurred under this loading. In both bridges
there was no slip until some particular load was reached, at which time
a sudden movement of about 0.0028 in. was observed. The loads at
first slip were 1620 lb. per panel for W5b, and 2800 lb. per panel for
N5a. It should be pointed out, however, that slip was measured only
for the center beam which, for the load positions used, was not so
highly stressed as the intermediate beam.
After the cracking test, all of the bridges without shear connectors
behaved very much alike. The load-slip curves obtained in the tests
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with simulated wheel loads are shown in Fig. 13, in which the two
lines represent the range of values for nine sets of data.
The slips measured in the bridges with shear connectors are also
shown in Fig. 13. Theoretically, these slips should be zero if complete
composite action existed. The very small values obtained in these
tests indicate that composite action was almost complete and that
the shear connectors functioned in the desired manner.
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FIG. 13. LOAD-SLIP CURVES FOR TESTS WITH SIMULATED WHEEL LOADS; SERIES I
18. Tests to Failure.-Each bridge was tested to failure with a pair
of loads at midspan at the centers of panels CD and DE. In these
tests, strains were measured in all beams, and in the transverse rein-
forcement at the center of the loaded panels and over beam D. The
results of these strain measurements are incorporated into the curves
shown in Figs. 11 and 12.
The principal phenomena of the tests were as follows: First, the
yield point was reached in the transverse slab reinforcement, usually
in the outer panel; next, the yield point was reached in the intermedi-
ate beam; and finally, the slab failed by punching through under one
of the loading disks, in the inner panel for the bridges without com-
posite action and in the outer panel for those with composite action.
The portion of the slab which punched out was shaped roughly like
a frustrum of a cone with a diameter equal to that of the loading disk
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at the top surface and a diameter about three times as great at the
bottom. Considerable cracking occurred before punching, and the plug
of concrete which punched out tended to strip the reinforcement from
the surrounding mortar. In general, the type of failure was very
similar to that reported in Bulletin 314 for simply supported slabs.,
A typical view of the bottom of the slab after punching is given in
Fig. 14; the bridge shown is W5a. For the bridges with composite ac-
tion, the outline of the punched surface on the bottom of the slab was
elliptical in shape with the longer diameter parallel to the beams.
FIG. 14. VIEW OF BOTTOM OF BRIDGE W5a AFTER FAILURE OF SLAB
BY PUNCHING IN INNER PANEL
The load at which yielding began in the intermediate beam is not
particularly significant, since two pairs of loads are required to pro-
duce the maximum moments in the beams and only one pair was used
in these tests. In fact, the beam was loaded so much less severely than
the slab that the slab failed by punching before the yield-point stress
was reached in four of the five supporting beams.
The loads at first yielding of the slab reinforcement, at first yield-
ing of the beam, and at punching of the slab are given in Table 6,
both in pounds per single load and in terms of live loads corresponding
8
Bul. 314, Univ. of Ill. Eng. Exp. Sta. Section 14, pp. 46-51.
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TABLE 6
SUMMARY OF DATA FOR TESTS TO FAILURE
SERIES I
Load per Panel in Pounds at: Live Loads'+ 1.0 Dead Load at:
Ratio Ratio
Bridge
First First Punching First First Punching (6) (7)
Yielding Yielding of Yielding Yielding of (5) (5)
of Reinf. of Beam Slab of Reinf. of Beam Slab
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Bridges without composite action
W5a 4800 5600 7425 3.65 4.10 5.66 1.12 1.55
W5b 3900 5400 7760 2.95 3.94 5.93 1.34 2.01
N5a 4300 5850 8075 3.26 4.29 6.16 1.32 1.89
N5b 3000 5400 7850 2.26 3.94 6.00 1.74 2.65
Average 4000 5560 7775 3.03 4.07 5.94 1.38 2.03
Bridges with composite action
S5a 6500 8450 12500 4.95 6.10 9.58 1.23 1.93
S5b 6700 9050 11220 5.10 6.56 8.60 1.29 1.69
Average 6600 8750 11860 5.03 6.33 9.09 1.26 1.81
1Live load is that for an H-20 truck with impact according to the 1941 A.A.S.H.O. specifications.
to an H-20 truck. The load at first yielding was determined from load-
strain curves for each of the bridges, and was taken as the load pro-
ducing the "yield-point strain." For the slab reinforcement, this strain
was taken as 0.00147, corresponding to the yield-point stress of 44 000
lb. per sq. in. from Table 4. Inasmuch as only one-fourth of the theo-
retical dead load was acting (see Section 4), no allowance was made
for the effect of dead load moment which was very small. For the
I-beams, the yield-point strain of 0.00125 obtained from the yield-
point stress in Table 3 was modified slightly to take into account the
dead load stresses in the beams. The strains were computed for the
actual dead load of the model, which was only one-fourth that for
the full-sized bridge, and were found to be 0.00003. The loads at first
yielding were then assumed to be those which produced a strain of
0.00125 - 0.00003 = 0.00122.
A single wheel load of 20 800 lb. is specified by the 1941 A.A.S.H.O.
specifications for a standard H-20 truck with impact computed for the
dimensions of the full-sized structure. This corresponds to a load of
1300 lb. on the models. The number of live loads carried by the bridge
at first yielding or at punching can be obtained by dividing the load
per panel given in Table 6 by 1300 lb. However, since the effects of
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dead load are not faithfully reproduced in the model, this is not a
proper measure of the capacity of the bridge. As mentioned in Sec-
tion 4, the dead load stresses in the full-sized structure are reproduced
in the model only if the weight per square foot of the model is equal
to that of the prototype. Actually, in the quarter-scale models, this
weight is only one-fourth as great and consequently the dead load
stresses are reduced in the same proportion. Obviously, if the dead
load stresses in the model were at their full theoretical value, some
of the capacity of the bridge to carry live load would no longer be
available. In other words, the observed loads represent 0.25 DL +
mLL, whereas an expression of the form 1.0 DL + nLL is desired as a
measure of the live load-carrying capacity of the bridges. This con-
version can be made by subtracting from the mLL an amount equiva-
lent (on the basis of stress) to 0.75 DL to obtain nLL. The relations
were found to be as follows: For the bridges without composite action
in which both DL and LL moment are carried by the I-beams alone;
0.75 DL = 0.20 LL. For the bridges with composite action in which
the DL moment is carried by the I-beams alone and the LL moment
is carried by the composite beam with a section modulus about twice
as great; 0.75 DL = 0.40 LL. For the slab, the dead load moment is
only a small fraction of the live load and 0.75 DL = 0.05 LL.
The loads in Table 6 for the various bridges of each type are in
fairly good agreement except those for first yielding of the slab rein-
forcement. This is not surprising in view of the considerable scatter
exhibited by the curves of Fig. 12. In all cases, the bridges with com-
posite action carried a greater load than those without; 66 per cent
more before the slab reinforcement yielded, 56 per cent more before
the beam yielded, and 53 per cent more at punching. An increase in the
strength of the beams was to be expected because of composite action,
but there was nothing in the theoretical analysis to indicate an almost
equal increase in the strength of the slab.
The bridges without composite action carried slightly more than
3.0 live loads before the slab reinforcement began to yield, and there
was an additional reserve strength before punching of about 100 per
cent. The bridges with composite action carried even more load, 5.0
live loads before yielding of the reinforcement, and in addition had a
reserve strength before punching of about 80 per cent. If the factor of
safety is considered to be the number of live loads carried in addition
to one dead load, all of the bridges had a greater factor of safety than
would be indicated by the usual ratio of working stress to yield point.
This ratio was 2.44 for the slab reinforcement and 2.08 for the beams.
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It should be noted, however, that the yield-point strain in the rein-
forcement of bridge N5b was reached at only 2.26 LL which corre-
sponds to a smaller factor of safety than that obtained from the ratio
of the stresses. The factor of safety for the beams is considerably
higher than the value of 2.08 computed from the stresses. However,
the maximum beam moments are only about 65 per cent of those which
theoretically would be produced with four loads on the bridge. In
addition, because there were insufficient theoretical data on which
to base the design, the beams for these bridges were considerably
stronger than was necessary; that is, the computed stresses for 1.0
DL + 1.0 LL are far below the allowable stress of 18 000 lb. per sq. in.
19. Discussion of Results.-One of the objects of these tests was to
compare the behavior of the actual structures with that predicted by
the analysis. This was done by comparing measured strains in the
beams and in the slab reinforcement with values computed from the
theory. In general, the measured strains in the beams were greater, and
those in the reinforcement were smaller, than the strains obtained from
the analysis. The various possible causes for these differences have
been discussed in the preceding sections, but will be reviewed and
further discussed here.
A major uncertainty in the analysis is with regard to the value of
H, the relative stiffness of the beam and slab. The stiffness of a steel
I-beam may be considered a known quantity, and although certain
assumptions must be made in computing the stiffness of a composite
beam, their validity has been fairly well established. In any case, both
of these stiffnesses can be computed much more accurately than the
stiffness of a partially cracked reinforced concrete slab. For the com-
parisons between measured and computed strains in the preceding
sections, the slab stiffness was taken as that of the gross section ac-
cording to assumption (a) in Section 6. Since the slab is known to be
cracked, an alternative procedure is to compute the stiffness on the
basis of the completely cracked slab according to assumption (c). The
latter method probably represents fairly well the stiffness of the slab
at the location of a crack, but such locations make up only a relatively
small portion of the entire surface of the slab. Obviously then, the
"true" stiffness of the slab lies somewhere between these two values,
but where?
The value of H computed from the stiffness of the completely
cracked slab is about three times as large as that computed for the
gross section. In general, an increase in H causes an increase in the
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theoretical beam moments and in the theoretical transverse slab
moments over the beams. On the other hand, the transverse and longi-
tudinal moments in the slab at the center of a panel are decreased.
These effects are least for the transverse slab moments at the center
of a panel. The agreement between measured and computed beam
strains is improved by the use of a larger value of H; in fact, the
measured strains for the bridges without composite action agree very
closely with those computed for a value of H corresponding to the
cracked slab. On the other hand, for the bridges with composite action
the moments are affected only slightly by the use of H for the cracked
slab. The computed slab strains are also brought into slightly better
agreement with the measured values by the use of a larger value of H.
Consequently, an increase in the value of H seems to be indicated both
by the known fact that the slab was cracked, and by the relation of
measured to computed strains, but the results of these tests do not
furnish sufficient data from which to decide just how much this in-
crease should be. Furthermore, additional study of this problem in the
tests of Series II and III indicated contradictory trends. Therefore, it
was decided to use the value of H applying to the gross concrete sec-
tion, primarily for simplicity.
Most of the difference between the tests and the analyses can be
attributed to the fact that the slab was cracked. The effect of this on
the value of H has been discussed above. However, the slab moments
were further affected by the non-uniformity of the cracking. A study
of the measured strains indicated very strongly that the slab remained
uncracked on the top surface over the beams. As a consequence, there
should have been an increase in the negative moments over the beams
and a decrease in the positive moments at the centers of the panels.
Other effects of non-uniform cracking were (1) the reduction in
slab strains at the quarter-point due to the less thorough cracking of
that portion of the slab, and (2) the smaller strains observed in the
reinforcement of the bridges with composite action, which were prob-
ably due to a smaller amount of cracking in those bridges as com-
pared with the bridges without composite action. Neither of these
statements can be verified since the crack patterns on these bridges
could not be observed because of the presence of a heavy coating of
paraffin on the slab.
It seems evident from a study of the strains and slips measured in
these tests that the shear connectors in bridges S5 were adequate to
produce almost complete composite action. The procedure for comput-
ing the stiffness of the composite beam appears to be adequate, and
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the method of calculating strains in the beam also seems to be
satisfactory.
Attention is called to the large discrepancies between measured and
computed strains in the longitudinal reinforcement. According to the
theory, the longitudinal moments are nearly as great as the transverse
moments for a bridge of the proportions used in these tests. Conse-
quently, a design based on the theoretical analysis would have re-
quired almost as large a percentage of longitudinal as transverse rein-
forcement. Although this much reinforcement was not provided, the
strains in the longitudinal reinforcement were a much smaller pro-
portion of the computed values than were the transverse strains. In
order to study this anomalous behavior more thoroughly, the effective-
ness of the longitudinal reinforcement was investigated further in the
tests of Series II.
The second purpose of the tests was to determine the ultimate
capacity of the bridges and their manner of failure. The ultimate ca-
pacity of a complex structure such as an I-beam bridge depends on the
particular criterion of failure which is adopted. In this bulletin, the
loads producing first yielding in the slab reinforcement, the loads pro-
ducing first yielding in the beams, and the load at which the slab
failed by punching have all been reported. From a study of the loads
at first yielding of the slab reinforcement, it would appear that the
design of the slab for the bridges without composite action is adequate
although possibly a little too conservative, while the design of the slab
for the bridges with composite action is much too conservative. In both
types of bridges, the reserve of strength between first yielding and
punching is quite large. No comparison can be made between the
capacities of the slab and of the beams, since the loading used in the
test to failure did not produce maximum moments in the beams.
The primary failure of the bridges was by yielding of the trans-
verse reinforcement in the slab under the load point. It is possible,
however, that yielding would have occurred first in the beams if two
pairs of loads had been used. The punching of the slab was distinctly
a secondary failure and occurred only after considerable cracking of
the slab and deflection of the bridge had taken place.
V. SERIES II: TESTS OF SHORT-SPAN BRIDGES TO DETERMINE
EFFECTIVENESS OF LONGITUDINAL REINFORCEMENT
20. Purpose of Tests.-These tests were an outgrowth of the tests
of Series I, in which the measured strains in the longitudinal reinforce-
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ment were small even though less longitudinal reinforcement than the
amount required by theory was used. As a result, the question was
raised as to whether even greater reductions in the amount of longi-
tudinal reinforcement could be made without adversely affecting the
strength of the bridge. Specifically, studies were made of the effect of
such reduction on: (a) the pattern of cracking of the slab, (b) the
deflections of the beams, (c) the strains in the beams, (d) the magni-
tude and distribution of the strains in the reinforcement, and (e) the
ultimate strength of the bridge.
Short-span bridges similar to those of Series I were used in these
tests since analysis indicated that a greater proportion of longitudinal
reinforcement is required for such bridges. Bridges without composite
action were used in. order to eliminate longitudinal stresses in the slab
resulting from its action as part of a composite beam.
An attempt was also made to answer other questions which had
been raised as a result of Series I. These questions were: (a) The effect
of cracking of the slab on the value of H. This was studied by de-
termining the effect of cracking on the deflections of the beams.
(b) The manner in which the strains in the reinforcement were dis-
tributed across a section at right angles to the bars. To determine this,
strains were measured on several adjacent bars rather than on a single
bar in each panel. (c) The ultimate capacity of the beams as de-
termined from tests with two pairs of loads on the bridge.
21. Description of Tests.-The tests of Series II were made on
three bridges similar to those of Series I except for the arrangement of
the reinforcement. The principal variable was the amount of longi-
tudinal reinforcement in the slabs, as follows:
Bridges WL5a and WL5b-Longitudinal reinforcement closely
spaced.
Bridges W05-Without longitudinal reinforcement except for a
nominal amount.
Details of the bridges are given in Fig. 1 and Table 1. The total
amount of transverse reinforcement in the top and bottom of the slab
was the same as for bridges W5 and N5 of Series I, but it was dis-
tributed differently, more being placed in the bottom and less in the
top than in Series I. In bridges WL5, longitudinal reinforcement was
provided in accordance with the design procedure given in Bulletin
336. It was spaced almost as closely as the transverse reinforcement,
and considerably closer than the corresponding bars in the bridges of
Series I. In bridge W05, the amount of longitudinal reinforcement was
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reduced to a minimum; only enough was provided to space the trans-
verse bars and to furnish a bar at the center of each panel on which
strains could be measured.
Bridge WL5a was tested at a time when the laboratory forces
were busy on other projects and the test program was consequently
drawn out over a long period of time. As a result of excessive drying
of the thin slab during this period, a transverse crack due to shrink-
age occurred in the top of the slab at midspan. The tests were only
about one-half completed when this happened, and since the presence
of the crack made continuation of the tests impossible, the specimen
was abandoned and replaced by a similar bridge designated as WL5b.
Since there was no intention that these two bridges should be com-
panion specimens, most of the discussion in the following sections will
refer to WL5b. In general, however, the results for the two bridges
were in good agreement.
The same tests were made on bridges WL5b and W05. They are
outlined briefly below and are discussed in detail in the following
sections.
Breaking of the Bond. Although the top flange of the beams had
been waxed and oiled to prevent the formation of bond, the results of
Series I indicated that these precautions would not be altogether
effective. Therefore, before any tests were made on the bridge, the
bond was broken by applying a single load of 4000 lb. at midspan
over each beam in succession. The formation of a crack in the curing
compound at the junction of the beam flange and the slab was taken
as evidence that the bond had been destroyed. The loads used were
sufficient to produce such a crack in all cases.
Cracking Test. The slab of each bridge was systematically cracked
by the application of a pair of loads at 19 locations on the bridge. The
magnitude of each load of the pair was 3500 lb. for WL5b and 3000
lb. for W05. Strains were measured in the slab reinforcement during
the first application of load at the centers of the inner panels at
midspan.
Deflections of Beams. Both before and after the cracking test, the
deflections of the beams at midspan were measured for a single load
applied successively over each beam at midspan. Loads of 4000 lb. for
the interior beams and 3000 lb. for the edge beams were used. In each
case, the load was applied in increments of 1000 lb. and deflections
were measured for each increment.
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FIG. 15. LOCATION OF STRAIN GAGE LINES ON REINFORCEMENT IN SLAB; SERIES II
Tests with Simulated Wheel Loads in Inner Panels. The bridge was
loaded with a pair of loads at the centers of panels BC and CD, at
midspan. Strains were measured in the transverse and longitudinal slab
reinforcement in each of the loaded panels and in the transverse rein-
forcement over the center beam. The locations of the gage lines are
shown in Fig. 15. The load was applied in increments of 300 lb. per
panel to a maximum of 3000 lb. and load-strain curves were obtained.
No strains were measured in the beams.
All of the tests thus far described were also made on bridge WL5a.
Tests with Simulated Wheel Loads in Outer Panels. These tests
were similar to those just described except that the loads were applied
at the centers of adjacent inner and outer panels. Bridge WL5b was
loaded first at AB and BC and then at CD and DE, and the results
were averaged. Bridge W05 was loaded at CD and DE only. Strains
were measured in the beams on gage lines located in the same posi-
tions as in the tests of Series I. No strains were measured in the trans-
verse reinforcement over the beams. The manner of applying load was
the same as described above.
Inasmuch as there were usually more gage lines on the reinforce-
ment than the number of Huggenberger gages available, it was neces-
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sary to make more than one run for each position of the loads in the
tests with simulated wheel loads. Usually, the transverse strains in
both panels were measured first, then the gages were shifted to new
positions and the longitudinal strains were measured. In almost every
test, two complete sets of measurements were made for each gage line.
Tests to Failure. The bridge was loaded at midspan with four loads
at B, C, CD and DE. Strains were measured in the transverse rein-
forcement in panel DE and in the longitudinal reinforcement in panel
CD. Strains in all beams and deflection of the center beam at midspan
were also measured. Load was applied in increments of 500 lb. per
single load until failure of the bridge occurred, and measurements of
strain and deflection were made for each increment.
22. Cracking Test.-Inasmuch as the pattern of cracking was to
be studied in this series of tests, it was thought desirable to apply
loads over a greater portion of the slab in the cracking test than was
done in Series I. Consequently, a pair of loads was applied in turn at
each of the 19 locations indicated on Fig. 16, instead of at only ten
locations as shown in Fig. 6 for Series I.
Since a load of 3500 lb. per panel produced a sufficiently large
number of cracks at the first load position on WL5b, this magnitude
FIG. 16. DIAGRAM SHOWING POSITIONS OF PAIRS OF LOADS USED IN
CRACKING TEST; SERIES II
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of load was used in the remainder of the test. However, in bridge W05,
the strains in the longitudinal reinforcement at a load of 3000 lb. per
panel were very close to the yield point, and although extensive crack-
ing had not been produced, it was thought best to limit the load to
this value in the remainder of the test. Strains were measured in the
reinforcement for loads at position No. 1 only; at the other positions,
the maximum load was applied directly and the 'locations of the
cracks were marked with a heavy pencil. The resulting crack patterns
are shown in Fig. 17.
It is evident from Fig. 17 that the pattern of cracking was vastly
different for the two bridges. Almost all of the cracks in W05 were in
the transverse direction, and were generally larger than those in WL5b.
This was undoubtedly due to the lack of longitudinal reinforcement
in W05. Although the smaller number of cracks in W05 was at least
partly a result of using a smaller load in the cracking test, it seems
possible that the presence of a predominant direction of weakness in
the slab could have encouraged the enlargement of the first crack and
thus inhibited the formation of additional cracks. It can be seen by
comparing Figs. 16 and 17 that the cracking of W05 was almost exclu-
sively confined to one transverse crack under each load point. In
bridge WL5b, the presence of a greater amount of reinforcement
limited the amount which a given crack could open and therefore
caused the formation of new cracks as the load increased.
Strains in the reinforcement for loads producing first cracking are
shown in Fig. 18. All of the strains for bridges WL5, and those over
the beam for W05, were measured at midspan for a pair of loads at
position No. 1 on Fig. 16. However, the shape of the load-strain curves
obtained at this position for bridge W05 indicated that cracking had
already occurred at the center of the panel, probably as a result of the
loads applied to break the bond, and the loads were shifted to posi-
tion No. 1(a) at the quarter-point where the curves shown in Fig. 18
for W05 were obtained. All of the curves for strains at the center of
a panel exhibit the characteristic change in slope which is usually
taken as a sign of cracking. There seems to be a similar break in the
curves for strain over the beam, but these strains are so small and
the curves extend such a short distance beyond the probable location
of the break that it cannot be said definitely whether or not cracking
occurred at this location.
On the release of load after the first application, there was a resid-
ual strain of the magnitude indicated by the symbols on the zero-
load line in Fig. 18. The reason for this strain is not known but it is
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FIG. 18. STRAINS IN REINFORCEMENT FOR LOADS PRODUCING
FIRST CRACKING OF SLAB; SERIES II
believed to be partly due to the release of compressive strains result-
ing from shrinkage of the slab. However, if even part of this residual
strain represents residual stress, some doubt is cast on the validity of
the method used in Section 18 for determining the load producing first
yielding in the reinforcement. It will be recalled that this load was
assumed to be that producing a given "yield-point strain" in the rein-
forcement, as determined from the load-strain curves. Obviously, the
value of the "yield-point strain" should be corrected not only for dead
load strains existing before the test started but also for any portion
of the residual strain which represents a residual stress.
23. Deflections of Beams.-The deflections of the beams at mid-
span for a single load placed successively over each beam at midspan
were measured both before and after the slab was cracked. The pur-
pose of this test was to study the effect of cracking on the value of
H, the relative stiffness of the beam and slab. The beam deflections
were chosen for this purpose since they are fairly sensitive to changes
in H, and can be measured easily and with a fair degree of accuracy.
The deflections for WL5b and W05 were in good agreement both
before and after cracking. The measured deflections before the slab
was cracked agreed closely with the computed deflections for H = 0.80,
a value based on the moment of inertia of the gross section of the slab.
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In Fig. 19 the plotted points represent the average deflections after
cracking for a load of 1000 lb. applied over the various beams. The
computed deflections for H = 2.24, as well as for H = 0.80, are shown
in the figure. The larger value of H is an average for the two bridges,
based on the moment of inertia of the completely cracked slab with
no tension carried by the mortar. As would be expected, the measured
deflections after cracking lie between the computed deflections for the
two values of H, and study of the data indicated that they are ap-
proximately equal to the theoretical deflections for H = 1.20. This
value of H could not be arrived at by any simple rational procedure.
Since the value of H = 2.24 was obviously much too large, it was
decided to use a value of H based on the moment of inertia of the
gross section of the slab in all future comparisons of measured and
computed quantities. This value of H is also convenient and simple to
use in design procedures.
In view of the marked difference in the manner of cracking of the
slabs, it is of interest that the deflections for the two bridges are in
such good agreement.
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FIG. 19. COMPARISON OF MEASURED AND COMPUTED BEAM DEFLECTIONS
AT MIDSPAN-FOR LOAD AT MIDSPAN; SERIES II
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24. Strains in Beams for Tests with Simulated Wheel Loads.-
Strains in the beams were measured for a pair of loads at the centers
of adjacent inner and outer panels at midspan. The bridges were
loaded first on one side of the center line, then on the other side, and
the results were averaged.
The results of these tests are presented in the form of load-strain
curves in Fig. 20. Only the strains in the bottom flanges of the most
highly stressed beams are shown; the top flange strains were generally
from 0 to 10 per cent smaller. This relation between top and bottom
flange strains is similar to that found in the tests of Series I and dis-
cussed in Section 13. The computed strains in the beams for H = 0.80
are also given on Fig. 20.
Although the measured strains are nearly always greater than the
computed strains, as was also the case in Series I, the results for
bridge WL5b are generally in better agreement with the computed
values than those for either W05 or for the bridges of Series I.
From Fig. 20, the principal effect of decreasing the amount of
longitudinal reinforcement is seen to be an appreciable increase in
the beam strains for W05 over those for WL5b. Not only does the
amount of longitudinal reinforcement affect the manner of cracking,
but also it tends to reduce the stiffness of the cracked slab in the
longitudinal direction and thereby increases the proportion of the total
static moment carried by the beams.
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FIG. 20. AVERAGE LOAD-STRAIN CURVES AT MIDSPAN OF BEAMS; SERIES II
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It can be stated, on the basis of these tests, that the reduction in
the amount of longitudinal reinforcement results in increases in the
strains in the beams of amounts ranging from 6 to 33 per cent. How-
ever, the best measure of the effect of the reduced longitudinal steel is
obtained from the test to failure in which four loads were used and in
which maximum moments were produced in the beams. This test is
discussed in Section 26.
25. Strains in Slab Reinforcement for Tests with Simulated Wheel
Loads.-These tests were much more extensive than the corresponding
tests of Series I. They were made for two load positions, one with a
pair of loads at the centers of the two inner panels BC and CD, and
the other with a pair of loads at the centers of adjacent inner and
outer panels such as AB and BC or CD and DE. For each load
position, strains were measured in the transverse and longitudinal
reinforcement in each of the loaded panels. Gage lines were located
not only on the reinforcement bar directly under the load but also
on adjacent bars, as indicated in Fig. 15. The gage lines on the trans-
verse bars were located on every third bar and were spaced 3 in. apart.
Those on the longitudinal bars for WL5b were also on every third bar
and were thus 3% in. apart, while on W05 they were located on every
bar and were 6 in. apart.
The results of the tests with a pair of loads at BC and CD are
given in Figs. 21 and 22, where in all cases the measured strains are
the average for the two symmetrically located panels. The transverse
and longitudinal strains at the center of a panel are those obtained
from tests on bridge WL5b, while the transverse strains over the beam
were measured on WL5a.
Load-strain curves for the center gage lines of each set are shown
in Fig. 21. The actual measured strains are plotted in the upper dia-
gram, and it can be seen from them that the results for the two bridges
are not greatly different. The transverse strains are in fair agreement,
and although the longitudinal strains are greater for W05, the increase
is only a small part of that which would be expected as a result of
decreasing the percentage of reinforcement. This can be seen very
clearly from the lower diagrams in which the measured strains are
plotted as a percentage of the computed strains for H = 0.80, and for
the assumption of a completely cracked slab. Although the two
bridges were intended to be identical, accidental variations in the
amount of cover below the reinforcement resulted in differences of
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FIG. 21. LOAD-STRAIN CURVES FOR TRANSVERSE AND LONGITUDINAL REINFORCEMENT
AT CENTERS OF INNER PANELS; SERIES II
about 10 per cent in their section moduli. This was taken into ac-
count in the percentage plot used on this and subsequent figures.
A somewhat better picture of the action of the slab is given by the
strain-distribution curves in Fig. 22. The distribution of transverse
strain in the direction parallel to the beams, and the distribution of
longitudinal strain across the width of the panel are both shown. As
before, the plotted points are the averages for the symmetrically
located panels, but in addition the transverse strains on either side of
midspan have been averaged and the resulting distribution curves are
symmetrical about the center gage line. The measured strains are
plotted in the lower diagrams as a percentage of the theoretical strain
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FIG. 22. DISTRIBUTION OF STRAIN IN TRANSVERSE AND LONGITUDINAL REINFORCEMENT
AT LOAD OF 3000 LB. PER PANEL; SERIES II
at the center gage line, and the computed strains for H = 0.80 are
similarly plotted so that the shapes of the measured and computed
curves may be compared.
The transverse strains at the center of the panel are almost equal
for the two bridges, and are distributed in approximately the same
manner as the computed strains. In fact, the strains for the center
gage line are a larger percentage of the computed values than those
for the adjacent gage lines; that is, there is less distribution of strain
laterally than indicated by the theory. The transverse strains over
the beam appear to be distributed over a much smaller distance in
W05 than in WL5b. This could have been caused by the decreased
amount of longitudinal reinforcement which usually acts to distribute
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FIG. 23. LOAD-STRAIN CURVES FOR TRANSVERSE REINFORCEMENT AT CENTERS
OF INNER AND OUTER PANELS; SERIES II
the moment in the direction parallel to the beams. As before, the longi-
tudinal strains are greater for W05 but not so much greater as would
be expected.
The results of tests with a pair of loads in an adjacent inner and
outer panel are given in Figs. 23, 24, 25, and 26. The location of the
loads in these tests was the same as that used in Series I, and the
results obtained have been compared with the average strains for
bridges W5 and N5 wherever possible. The amount of longitudinal re-
inforcement in the bridges of Series I was intermediate to that for the
two bridges of Series II; the spacing was 1% in. for WL5b, 2 in. for
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FIG. 24. DISTRIBUTION OF STRAIN IN TRANSVERSE REINFORCEMENT AT
LOAD OF 3000 LB. PER PANEL; SERIES II
the bridges of Series I, and 6 in. for W05. In addition, the amount of
transverse reinforcement was different in the two series, and the ex-
tent of cracking was also probably different, so that an exact com-
parison of the results for the two sets of tests is not possible.
Load-strain curves for the transverse reinforcement are shown in
Fig. 23. Because of the above-mentioned difference in transverse rein-
forcement, comparisons should be confined to the lower diagrams in
which the strains are plotted as a percentage of the computed values.
For the inner panel, the strains for W05 and WL5b are seen to be in
good agreement with each other and with the average strain from
Series I. However, for the outer panel, the transverse strains appear
to increase as the amount of longitudinal reinforcement is decreased.
This is further illustrated by Fig. 24, from which it can be seen that
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FIG. 25. LOAD-STRAIN CURVES FOR LONGITUDINAL REINFORCEMENT AT
CENTERS OF INNER AND OUTER PANELS; SERIES II
the distribution of transverse strain in the outer panel is different for
the two bridges of Series II. Not only is the maximum strain consider-
ably greater for W05, but there is less distribution of strain to the
adjacent bars. This reduction in distribution is to be expected as a
result of greatly decreasing the amount of longitudinal or "distribu-
tion" reinforcement. There is no explanation, however, for the fact
that the decrease in distribution appeared to occur only in the outer
panel. In the inner panels of both bridges, and in the outer panel of
WL5b, the measured transverse strains are distributed in the same
manner as the computed strains, but are only 60 to 70 per cent as great.
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FIG. 26. DISTRIBUTION OF STRAIN IN LONGITUDINAL REINFORCEMENT
AT LOAD OF 3000 LB. PER PANEL; SERIES II
Load-strain and strain-distribution curves for the longitudinal
reinforcement are given in Figs. 25 and 26 respectively. From the
upper diagrams on Fig. 25 it can be seen that the longitudinal strains
for W05 were appreciably greater than those for WL5b or for Series I.
As has already been noted, however, the increase in strain was much
smaller than the theory would indicate. The lower diagrams in Fig. 25
are similar to the diagrams in Fig. 22. In general, the measured strains
under the load were a greater percentage of the computed strains than
were the strains at the more remote gage lines.
26. Tests to Failure.-The bridges were tested to failure under
two pairs of loads, representing the rear wheels of two trucks, applied
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at midspan at the locations indicated on the sketch in Fig. 27. This
arrangement of the loads was such as to produce maximum moments
in the center beam and in the slab reinforcement in the loaded panels.
According to the analysis, the maximum transverse and longitudinal
slab moments both occur in the inner loaded panel for this loading.
However, since strains could not be measured in both directions at the
same time, longitudinal strains were measured in the inner panel and
transverse strains were measured in the outer panel. Strains in all the
beams and the deflection at midspan of the center beam were also
measured. No strains were measured in the transverse reinforcement
over the beams.
Load was applied equally and simultaneously at each of the four
load points in increments of 500 lb. per load, and strain and deflec-
tion measurements were made for each increment. The results of the
various observations are presented in Figs. 27 through 30, and are dis-
cussed below.
Strains in Slab Reinforcement
Load-strain curves for the center gage lines in each panel are given
in Fig. 27. Theoretically, the transverse strains in the outer panel
should be about 10 per cent smaller for the two pairs of loads used in
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FIG. 27. LOAD-STRAIN CURVES FOR BARS AT CENTERS OF PANELS;
TEST TO FAILURE; SERIES II
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FIG. 28. DISTRIBUTION OF STRAIN IN TRANSVERSE AND LONGITUDINAL REINFORCEMENT
AT LOAD OF 3000 LB. TEST TO FAILURE; SERIES II
this test than for the one pair used in the previous tests. However,
these strains are actually 15 to 30 per cent greater, as can be seen
by comparing the strains in Fig. 27a with those in Fig. 23b. On the
other hand, the longitudinal strains are theoretically greater for two
pairs of loads than for one, and this relation was found to hold for the
measured strains.
A break or "knee" in the load-strain curve is usually taken as an
indication that the yield point of the bar has been exceeded. For the
properties of the reinforcement given in Table 4, yielding should take
place at a strain of about 152 x 10-1. However, in the curves of Fig. 27,
the break usually occurs at a strain somewhat greater than this value.
This can be explained in the following manner: The strains in a slab
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FIG. 29. LOAD-STRAIN CURVES AT MIDSPAN OF BEAMS; TEST TO FAILURE; SERIES II
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BUL. 363. SLAB AND BEAM HIGHWAY BRIDGES -PART I
are a function of the curvatures, and an increase in strain in a given
bar is accompanied by (or results from) an increase in curvature
of the slab in the neighborhood of that bar. However, the curvature of
the slab is controlled not by the deformation of a single bar, but by
the deformations of all the bars in a given region, and the load-strain
curve for one bar cannot show a break at the yield point unless the
adjacent bars are also at or beyond the yield point. Since the moment
in the slab is greatest directly under the load and decreases rapidly
at points removed from the load, the most highly stressed center bar
is restrained from deforming excessively by the neighboring bars which
have not yet been stressed to the yield point. Therefore, the breaks in
the load-strain curves on Fig. 27 for the bars at the centers of the
panels occurred only after several bars in the neighborhood of the load
were stressed beyond the yield point.
The above explanation does not satisfactorily explain the behavior
of the widely spaced longitudinal bars in W05, since obviously they
cannot impose much restraint on one another. Yet the strain at which
the break occurred in the load-strain curves for those bars was far
greater than the yield-point strain. It is believed that the restraint
against increase in curvature in this case is derived not from the ad-
jacent longitudinal bars, but from the transverse bars. Since, in a slab,
the curvatures in the various directions are interdependent, there can
be no great increase in curvature (or strain) in the longitudinal direc-
tion until the curvature in the transverse direction also increases, and
this cannot occur until the transverse reinforcement itself has begun
to yield. Consequently, the break in the load-strain curve for the longi-
tudinal reinforcement is dependent upon the beginning of yielding in
the transverse bars. This hypothesis cannot be checked by means of
the data obtained in the test to failure, because strains in the two
directions were not measured in the same panel.
On the basis of the reasoning in the foregoing paragraphs it is
believed that the break in the load-strain curve is a better indication
of the useful capacity of the slab than is the attainment of a more
or less arbitrarily determined "yield-point strain." Therefore, in this
series of tests, the load at which a break occurs in the load-strain
curves for the longitudinal reinforcement is assumed to represent the
useful capacity of the slab. These loads are given in Table 7 for both
bridges, and in addition, the loads which produced a yield-point strain
of 0.00152 in the transverse reinforcement are given in order that they
may be compared with the results from Series I. It should be remem-
bered, however, that the percentage of transverse reinforcement in the
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BUL. 363. SLAB AND BEAM HIGHWAY BRIDGES - PART I
bottom of the slab was 20 per cent less for Series I than for Series II.
On the basis of either useful capacity or load at first yielding, bridge
W05 was about 25 per cent weaker than WL5b. On the latter basis,
the strengths of the bridges of Series I were related to that of WL5b
in approximate proportion to the difference in the amount of trans-
verse reinforcement in the bottom of the slab. The useful capacity of
the slab is also given in Table 7 in terms of an equivalent number of
live loads plus one dead load. The procedure for obtaining these values
has been described in Section 18 in connection with Table 6.
The strain-distribution curves for both panels are given in Fig. 28.
The distribution of strain was very similar to that obtained in the
tests with only one pair of loads. There was, however, less increase
in the transverse strains at the outlying gage lines, and the distribu-
tion curves are more sharply peaked in the test to failure than in the
previous tests. There is also definite indication from the curves of
Fig. 28c that there was less distribution of transverse strain for bridge
W05 without longitudinal reinforcement than for bridge WL5b. That
is, the distribution curves are more sharply peaked for this bridge, and
the maximum strains are greater than those for WL5b.
In both bridges the transverse strains in the test to failure were a
considerably greater percentage of the computed strains than in the
tests with one pair of loads. The measured transverse strain at the
center gage line was 98 per cent of the computed strain for WL5b, and
135 per cent for W05.
The distribution curves for longitudinal strains in Figs. 28b and
28d may be compared with those in Figs. 22b and 22d and Figs. 26a
and 26c. For WL5b the actual measured strains in the test to failure
were about 35 per cent greater than those in the tests with one pair
of loads, while for W05 they were from 70 to 100 per cent greater.
However, the strains are about the same percentage of the computed
values for both cases of loading. The maximum strain for WL5b was
consistently about 57 per cent of the theoretical, and for W05 it
ranged from 17 to 21 per cent.
Some insight into the action of the bridges can be obtained by
computing the percentage of the static moment carried by the slab at
various stages of the test to failure. The moment resisted by each
beam was computed from the measured strains in Fig. 29, and account
was taken of the direct stress in the beam arising from partial com-
posite action. The sum of the moments in all the beams, plus the
moment carried by composite action, was compared with the total
static moment. At a load of 3000 lb. per panel, the proportion of the
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total static moment carried by the beams and by composite action was
86 per cent for WL5b and 92 per cent for W05. The remaining portion
of the static moment was carried by the slab.
Since, theoretically, the distribution of moment between the slab
and the beams is dependent upon their relative stiffnesses, it seems
obvious that the stiffness of the slab in the longitudinal direction was
appreciably decreased by the omission of the longitudinal reinforce-
ment. Theoretically, for H = 0.80, the slab should carry about 27 per
cent of the total static moment. Actually the slab carried only 14 per
cent in WL5b, or one-half as much, and only 8 per cent in W05, or
about one-third as much. These figures check reasonably well with the
observed relations between measured and computed longitudinal
strains in the slab. For bridge WL5b the maximum measured strain
was 54 per cent of the computed strain, while the average measured
strain was a slightly smaller percentage of the computed value. For
bridge W05, the measured strains in the slab were on the average
about 22 per cent of the computed values.
Strains in Beams
The strains in the bottom flanges of all the beams are given in.
Fig. 29. The strains in the top flanges were usually slightly less.
The measured strains for the most highly stressed beam are from
55 to 60 per cent greater for the test with two pairs of loads than for
the previous tests with only one pair (see Fig. 20), and the observed
increase compares favorably with the theoretical increase of 64 per
cent. The relation between measured and computed strains, and the
relation between the measured strains for the two bridges, are about
the same for the two cases of loading.
The load at which a break occurred in the load-strain curve was
taken as the useful capacity of the beams. Such a break is noted first
for beam C at loads of 4500 lb. for WL5b and 4000 lb. for W05.
Breaks in the curves for beams D and B occurred at loads which were
greater by 500 and 1000 lb., respectively, than those obtained for beam
C. The loads at the break in the curves for beam C are given in Table
7 together with the equivalent number of live loads, computed as de-
scribed in Section 18 in connection with Table 6.
Two conclusions may be drawn from the values in Table 7:
(1) The useful capacity of the beams was reduced about 11 per cent
by the omission of longitudinal reinforcement; and (2) the capacities
of the beams and the slab were about equal for WL5b, while the slab
was considerably weaker than the beams for W05.
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Deflection of Center Beam
The load-deflection curves for the center beam are given in Fig.
30. It would appear from this figure, and from the discussion of Fig. 19
in Section 23, that the beam deflections are the only quantities which
were not affected by the differences in the two bridges. It is of par-
ticular interest that the relation between the beam deflections for the
two bridges in Fig. 30 is opposite to that for the beam strains in Fig.
29. The explanation for this is believed to lie in the difference in stiff-
ness of the cracked slab in the two directions. The deflections of the
beams are dependent upon the stiffness of the beam relative to the stiff-
ness of the slab in the transverse direction. The moments in the
beams are also dependent on this relative stiffness, but in addition are
dependent upon the stiffness of the beams relative to that of the slab
in the longitudinal direction. On the basis of the phenomena observed
in this series of tests, it would seem that the stiffness of the slab in the
longitudinal direction is affected to a much greater extent by a reduc-
tion in the amount of longitudinal reinforcement than is the stiffness
in the transverse direction.
The observed deflections in Fig. 30 were on the average about 25
per cent greater than the computed deflections for H = 0.80.
The break in the load-deflection curve may be taken as an indica-
tion that the useful capacity of the structure as a whole had been
reached. In Fig. 30 the breaks in the curves occur at substantially the
same loads as the breaks in the corresponding load-strain curves for
beam C in Fig. 29. Inasmuch as the bridge is composed of two main
elements and one of them, the slab, had already exceeded its capacity
before the beams began to yield, it is not surprising that yielding of
the beams was accompanied by an increase in deflection.
Ultimate Failure
Primary failure of the bridges occurred by yielding of the rein-
forcement in the slabs. The beams yielded at a load equal to or greater
than that at which the slab yielded, and simultaneously the deflection
began to increase. As the load was increased beyond about 5000 lb. per
panel the slab began to assume a dished shape, and began to lift from
the beams along its borders. In the early stages of this lifting, the slab
remained in contact with the beams in the regions near midspan and
near the supports, but elsewhere there was a small amount of vertical
separation of the slab and beam. At loads approaching 6000 lb. the
lifting of the edges of the slab was sufficient to break off the corners
of the slab where it was anchored to the beams, and in one case the
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anchor itself was broken. The dishing of the slab continued to increase
until at ultimate failure the slab was resting only on the three in-
terior beams and was supported by them over only the middle half of
their length.
Ultimate failure occurred by punching in the inner panel at loads
of 7000 lb. for WL5b and 6450 lb. for W05. These loads are given in
Table 7 together with the equivalent number of live loads plus one
dead load. The punching loads for the two bridges differ by only 8 per
cent, which is a smaller difference than was obtained for any other
criterion of failure. The average punching load for the bridges without
composite action in Series I was from 11 to 20 per cent greater than
the punching loads for this series. This difference may have been due
in part to the difference in the number of loads used in the test to
failure.
Photographs of the bottom of the slabs after punching are shown in
Fig. 31. The punched portion was removed by cutting out the rein-
forcement, and the cracks were marked by painted lines. It is evident
from the photographs that the character of the punching failure was
different for the two bridges. The type of failure for WL5b was in all
respects similar to that for the bridges without composite action in
Series I. On the other hand, the punched portion for W05 was irreg-
ular in shape and was of greater extent at both the top and bottom
surfaces of the slab. The load did not punch through cleanly and
suddenly on this bridge as it did on WL5b, and considerable jacking
at a load less than that producing failure was required to complete the
punching failure once it had started.
The deflection of the center beam when punching occurred was in
the neighborhood of 1 to 11/ in. On the removal of the load after
failure, the permanent deflection was 7 in. for WL5b and 11 in.
for W05.
27. Discussion of Results.-The primary purpose of this series of
tests was to determine the effect of reducing the amount of longi-
tudinal reinforcement in the I-beam bridge. The results may be sum-
marized as follows:
(1) The strain in the longitudinal reinforcement was increased as
the amount of such reinforcement was decreased from 1.06 per cent in
WL5b to 0.20 per cent in W05. The increase was from 28 to 39 per
cent in the tests with one pair of loads and 69 per cent in the test with
two pairs of loads. This increase in strain is not so great as that which
would be computed on the basis of equal moments in the two slabs;
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however, as has been previously pointed out, the moments in the slabs
are different. The difference in moments is consistent with theories of
the action of non-isotropic slabs.
(2) As the amount of longitudinal reinforcement was decreased,
there was an increase in the magnitude of the maximum transverse
strains, and a marked change in the way in which they were dis-
tributed across a section parallel to the beams. The maximum trans-
verse strains in W05 were from 32 to 38 per cent greater than those
in WL5b. If the difference in the section modulus is considered, the
average transverse strains under the load in bridges W5 and N5 of
Series I were only 10 per cent greater than those for WL5b for the
same conditions of loading. The bridges of Series I had 56 per cent
as much longitudinal reinforcement as WL5b, whereas W05 had only
19 per cent as much.
Although in W05 the transverse strain at the center gage line
under the load was increased, the strains at some distance from the
load were decreased. In other words, there was less distribution of the
transverse strain for the slab with a smaller amount of longitudinal
reinforcement.
As a result of the increase in transverse strain, the capacity of the
slab was 27 per cent less for W05 than for WL5b.
(3) The measured strains for the beams were slightly greater for
the bridge with less longitudinal reinforcement. This increase was due
to the greater proportion of the moment carried by the beams of
bridge W05, in which the stiffness of the slab was reduced by the lack
of longitudinal reinforcement. Since less longitudinal moment was
carried by the slab of W05, more moment was carried by the beams.
In the test to failure, the beams of W05 reached their useful capacity
at a load 11 per cent smaller than that for WL5b.
(4) Two qualitative changes in the action of the bridges were
observed to result from decreasing the amount of longitudinal rein-
forcement: (a) The pattern of cracking was markedly different for
the two bridges, and (b) the character of the punching failure in W05
was different from that for either WL5b or the bridges of Series I.
(5) By every criterion the capacity of W05 was less than that of
WL5b. The capacity of the slab was 27 per cent less, that of the
beams was 11 per cent less, and punching occurred at an 8 per cent
smaller load. Since the capacity of the slab was decreased .more than
that of the beams as a result of decreasing the amount of longitudinal
reinforcement, the capacity of the slab on W05 was less than that of
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the beams, while for WL5b these two elements had approximately the
same capacities.
(6) For WL5b the measured longitudinal strains were consistently
only about 56 per cent of the computed strains, but were equal to or
greater than the measured transverse strains at the center of a panel.
(7) The measured transverse strains in tests to failure with two
pairs of loads were greater than those obtained in any other tests. For
WL5b they were in good agreement with the computed strains.
(8) The strain-distribution curves were usually more peaked in
shape than the theoretical curves. In other words, there was less dis-
tribution of strain to adjacent reinforcement bars in the tests than
would be indicated by the analysis.
(9) The results of this series of tests were in agreement with those
of Series I in indicating that the value of H was intermediate to the
values for the uncracked slab and for the fully cracked slab. However,
as determined by the deflections of the beams, the difference in the
degree and manner of cracking did not appear to produce any sig-
nificant difference in the value of H for the two bridges. Most of the
differences in the behavior of the two bridges can be attributed to the
decrease in both section modulus and stiffness of the slab in the longi-
tudinal direction for the bridge without longitudinal reinforcement.
The stiffness of the slab in the transverse direction was apparently
little affected by the absence of longitudinal reinforcement or the
difference in manner of cracking.
(10) It can be concluded from these tests that the longitudinal
reinforcement cannot be entirely omitted without seriously affecting
the action of the structure and decreasing the capacity of both the
slab and the beams. However, it is also apparent that less longi-
tudinal reinforcement than the amount required by the theory may
safely be used. Just how much less cannot be definitely determined
without still further tests. However, on the basis of the data from
Series I and II, it may be concluded tentatively that, without seri-
ously affecting the capacity of the bridge, the amount of longitudinal
reinforcement provided may be as small as 0.5 per cent of the product
of the width of the slab by the effective depth of the longitudinal steel.
(11) If a small percentage of longitudinal reinforcement is pro-
vided, that reinforcement will probably be overstressed at the design
load. However, such overstress is in the nature of a deformation stress
or secondary stress and will have little effect on the action of the
structure.
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VI. SERIES III: TESTS OF LONG-SPAN BRIDGES
28. Description of Tests.-The tests of Series III were made on six
bridges having spans of 15 ft. There were two companion specimens
of each of three types as follows:
Bridges N15a and N15b-Natural bond between slab and beams.
Bridges S15a and S15b-Same design as bridges N15 but with
shear connectors providing positive me-
chanical bond.
Bridges C15a and C15b-Composite action between slab and
beams provided by shear connectors and
allowed for in the design. Also modifica-
tions in the amount of reinforcement in
the slab.
Details of the bridges are given in Fig. 1 and Table 1. The beams
for bridges C15 which were designed for composite action were smaller
than those for bridges N15 and S15. The reinforcement in the slabs
for N15 and S15 was almost exactly the same as that for bridge
WL5b of Series II. About 80 per cent as much transverse reinforce-
ment was used in bridges C15 as in the other bridges, and about 60
per cent as much longitudinal reinforcement.
Substantially the same tests were made on all the bridges of this
series. They are described briefly below, but not always in chrono-
logical order.
Cracking Test. The slab of each bridge was systematically cracked
over the middle half of the span-length by the application of a pair of
loads at the 22- locations shown on Fig. 32. The loads used for the
various bridges were as follows:
N15a .................. 3000 lb. per panel
N15b .................. 4000 lb. per panel
S15a .................. 4500 lb. per panel
S15b.................. 4000 lb. per panel
C15a ............. . . ... 4000 lb. per panel
C15b .................. 4000 lb. per panel
Strains were measured in the transverse slab reinforcement during the
application of the loads at positions 1 and 12 at midspan.
Influence Lines for Strains in Beams. Strains in the beams at mid-
span for a single load moving transversely across the bridge at midspan
were measured both before and after the cracking test. Before crack-
ing, a load of 700 lb. was used for bridges N15 and C15 and a load of
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FIc. 32. LOCATION OF LOAD POINTS FOR CRACKING TEST; SERIES III
1000 lb. was used for bridges S15. After cracking, two magnitudes of
load, 1000 lb. and 2000 lb., were used on all bridges. In addition to the
tests just described, beam strains were measured at midspan for a
load of 2000 lb. moving transversely across the bridge at the quarter-
point. In all tests, the load was applied over each beam and at the
center of each panel. Gage lines for strains on the beams were the
same as in Series I (see Fig. 6).
Influence Lines for Deflections of Beams. Deflections of the beams
at midspan were measured after cracking for a single load of 1500 lb.
moving transversely across the bridge at midspan. The load was ap-
plied over each beam and at the center of each panel.
Influence Lines for Strains in Slab Reinforcement. Strains in the
transverse reinforcement at midspan or at the quarter-point were
measured for a single load moving transversely across the bridge at
the particular section. Two magnitudes of load, 1500 lb. and 3000 lb.,
were applied at the following positions: over each beam, at the center
of each panel, and midway between these points. Strains were meas-
ured on one gage line on the bottom transverse reinforcement at the
center of each panel, and on one gage line on the top transverse rein-
forcement over each interior beam. The locations of the gage lines
were the same as shown in Fig. 6 for Series I.
Tests with Uniform Load. Each bridge was loaded with sand and
50-lb. cast-iron weights in amounts sufficient to increase the dead
load on the models to a magnitude bearing the proper scale relation
to the dead weight of the full-sized bridge. The increased weight of
the beams was obtained by placing a number of 50-lb. weights on the
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slab over each beam. Seven weights were placed along each of the
10-in., 9.0-lb. beams in N15 and S15, while five weights were placed
along each of the lighter beams in C15. The sum of the added weight
in each instance was approximately three times the total weight of
the beam in the model. The weight of the slab was increased by load-
ing the bridge with sand having a total weight equal to three times the
weight of the slab itself. In all, 6000 lb. of sand was placed on each
bridge. In order that the simulated wheel loads could be applied, no
sand was placed on the bridges over a narrow strip at midspan and at
the quarter-point. Some of the consequent decrease in dead load at
these locations was made up by placing six 50-lb. weights on the slab
in the open spaces. A view of one of the bridges with the added dead
load in place is shown in Fig. 33. Strains in the beams and in the slab
reinforcement and deflections of the beams were observed for the
superimposed dead load.
Strains in Beams for Tests with Simulated Wheel Loads. Strains
in the beams were measured for three tests with simulated wheel loads,
as follows: (1) The bridge was loaded with two pairs of loads at mid-
span at the positions indicated on the sketch in Fig. 40. This arrange-
ment of the loads was such as to produce maximum moments in
beams B and C. The loads were increased in increments of 500 lb. per
single load until yielding of the beams was imminent, and strains were
measured for each increment of load. (2) The bridge was loaded with
FIG. 33. VIEW OF BRIDGE WITH ADDED DEAD LOAD IN PLACE; SERIES III
BUL. 363. SLAB AND BEAM HIGHWAY BRIDGES -PART I
one pair of loads at the centers of the inner panels at midspan and
strains in the beams were measured for load increments of 500 lb.
The maximum loads in this test were those which produced failure of
the slab by punching, and consequently they were large enough to
produce yielding in the center beam in every case. (3) The bridge was
again loaded at midspan with two pairs of loads arranged as in
(1) and the load was increased until general yielding of the beams
took place. This constituted the test to failure of the beams.
Deflections of Beams for Tests with Simulated Wheel Loads. De-
flections of all the beams were observed for four loads applied at mid-
span in each of two arrangements as follows: (1) One load at the
center of each panel, and (2) two pairs of loads placed for maximum
moments in the beams as indicated on the sketch in Fig. 40.
Strains in Slab Reinforcement for Tests with Simulated Wheel
Loads. These tests may be divided into four parts as follows:
(1) Strains were measured in the transverse reinforcement under the
loads and over the beam between the loads for a pair of loads applied
at the centers of panels AB and BC at midspan. This test was re-
peated at the quarter-point, and both tests were then repeated for the
loads in panels CD and DE on the other half of the bridge. (2) The
bridges were next loaded with four loads, one at the center of each
panel at midspan, and strains were measured in the transverse rein-
forcement over the center beam, and in the longitudinal reinforcement
under each load., The longitudinal strains were measured in a single
bar at the center of each panel for bridges N15 and S15. Since there
was no bar at the center of a panel in bridges C15 strains were meas-
ured on the two bars located one inch each side of the center. (3) Each
bridge was loaded with one pair of loads at midspan and strains were
measured in the transverse reinforcement under the loads and over the
beam. The loads were placed at AB and BC for bridge N15a and at
BC and CD for the other bridges, and loading was continued until
the slab failed by punching. (4) The test in (3) was repeated at the
quarter-point of the span with loads in AB and BC for one bridge of
each type, and with loads in BC and CD for the other bridges.
Tests to Failure. The tests to failure for the beams, and the tests
to failure for the slab in which strains were measured have already
been described. However, at the conclusion of those tests, the slab was
loaded with one pair of loads at three additional locations, and the
load was increased until punching occurred. Only the maximum load
was recorded in these tests.
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FIG. 34. STRAIN IN REINFORCEMENT FOR LOADS PRODUCING
FIRST CRACKING; SERIES III
Slip Measurements. Slip between the slab and the center beam was
measured in the cracking test for loads at midspan, and in the tests
with one pair of loads at midspan. The slip gages were located on
each side of the beam near the supports.
29. Cracking Test.-Inasmuch as the slabs were coated with
paraffin in order to prevent their drying out, it was impossible to
observe the pattern of cracking. ,
-Strains in the reinforcement for loads producing first cracking are
given in Fig. 34: The curves shown represent averages of all measure-
ments made on each type of bridge. All the load-strain curves for gage
lines at the center of a panel exhibit a change in slope or break at a
strain of about 10 to 20 x 10-1. Such a break is usually taken as an in-
dication of cracking. There does not appear to be a similar break in
the curves for strain over the beam at the loads used in this test. It
can be tentatively concluded from these curves that the cracking test
probably did not produce cracking in the top of the slab over the
beams.
No measurements were made of the residual strain on the release
of load after the first application producing cracking.
30. Influence Lines for Strains in Beams.-The influence lines for
strains in the beams at midspan for a load moving transversely
across the bridge at midspan are given in Fig. 35. Three sets of strains
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are shown for each beam: (1) the strains measured before the crack-
ing test; (2) the strains measured after the cracking test; and (3) the
computed strains. The measured strains represent averages of all the
tests on the two bridges of each type. The computed strains are for
values of H based on the gross section of the slab.
The strains for bridges N15 without composite action are given in
Fig. 35a. Only the strains in the bottom flange are given; the top
flange strains were 55 to 65 per cent as large before cracking and 85
per cent as large after cracking. Theoretically the top and bottom
flange strains should be equal, and the observed reduction in the top
flange strain indicates the presence of partial composite action between
the beam and the slab. Furthermore, the difference in the ratio of top
and bottom flange strains before and after cracking suggests that the
degree of composite action was less after cracking than before. This
condition was also observed in the tests of bridges W5 and N5 in
Series I.
Calculations based on simplifying assumptions regarding the be-
havior of a beam with partial composite action indicate that the
observed decrease in the ratio of top to bottom flange strains after
cracking should correspond to an increase in the bottom flange strain
of about 10 to 12 per cent, if there is no change in the moments. This
is in excellent agreement with the observed increase. Furthermore, the
calculations indicate that the presence of a degree of partial com-
posite action consistent with the observed ratio of top to bottom
strains after cracking should decrease the bottom flange strains about
6 per cent from the values for no composite action. If the measured
strains after cracking on Fig. 35a are increased by 6 per cent, the
agreement with the computed curves is considerably improved, par-
ticularly for the interior beams.
The curves in Fig. 35a may be compared with those for Series I in
Fig. 8a. The most significant difference is in the relation of the meas-
ured strains to the computed strains for a value of H based on the
gross section of the slab. In Series I, the measured strains after crack-
ing were nearly always greater than the computed strains, and it was
concluded that the value of H used was too small. However, in Fig.
35a the opposite is true; in general the measured strains are less than
the computed values.
The influence lines for bridges S15 and C15 with composite action
are shown in Fig. 35b and c. The agreement between measured and
computed strains is good for both the top and bottom flanges and it
may be concluded that complete composite action was obtained. The
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curves in Fig. 35b and c may be compared with those for Series I in
Fig. 8b. There is little difference except that the agreement between
measured and computed top flange strains is somewhat poorer in
Series III. The peculiar results obtained for the top flange strains when
the load was over the beam are believed to result from a local effect
due to the closeness of the gage lines to the point of application of the
load. The decrease in bottom flange strain for a load over the beam
probably resulted from a greater distribution of the concentrated
load than was assumed in the analysis. This phenomenon was also
observed in the tests of Series I.
For bridges S15, the measured strains after cracking are only
slightly greater than those before. This is in agreement with the re-
sults obtained for bridges S5 of Series I (Fig. 8b). The behavior of
bridges C15, as shown in Fig. 35c, was different, however, in that the
measured strains were less after cracking than before. This effect was
observed to a marked degree in one of the companion specimens and
to only a slight extent in the other. No explanation of this behavior
has been found.
There is no justification, on the basis of these tests, for the use of
a value of H greater than that computed for the gross section of the
slab. On the contrary, the agreement between measured and computed
strains would be improved slightly by the use of a smaller value of H.
In the discussion of Fig. 8b in Section 13 it was pointed out that
certain differences in the measured and computed strains for the
bridges with composite action could be expected as a result of the
decreased stiffness of the edge beams. This condition is also present
for bridges S15 and C15, in which the stiffness of the edge beam is
about 13 per cent less than for the interior beams, and the section
modulus for the bottom flange is about 4 per cent less. The principal
effect is due to the decreased stiffness, as a consequence of which the
proportion of the load or moment carried by the edge beam is de-
creased and the moment carried by the other beams is correspond-
ingly increased. The result of this is smaller strains in the edge beam,
and greater strains in the other beams when the load is over an edge
beam, as can be seen by inspection of Fig. 35b and c.
Strains in the beams at midspan were also measured for a load
moving transversely across the bridge at the quarter-point. The re-
sults for bridges C15 are given in Fig. 36. The computed strains for
H = 5.01 are also given in this figure. The agreement between meas-
ured and computed strains is excellent except for slight irregularities
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due to the decreased stiffness of the edge beams. The results for
bridges N15 and S15 are not shown but the agreement between meas-
ured and computed strains was similar to that for C15.
31. Influence Lines for Deflections of Beams.-The influence lines
for deflections of the beams at midspan for a load moving transversely
across the bridge at midspan are given in Fig. 37. The measured
deflections are averages for symmetrically located beams and loads.
The computed deflections are for values of H based on the gross sec-
tion of the slab.
The deflections for bridges N15 without composite action are given
in Fig. 37a. In general the agreement between measured and com-
puted values is good, comparing favorably with that obtained for the
beam strains in Fig. 35a.
The results for the bridges with composite action are shown in
Fig. 37b and c. In general the agreement between measured and com-
puted deflections is not so good as for bridges N15. The differences,
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however, can be attributed to the effect of the less stiff edge beams.
Since a loaded edge beam carries less than its theoretical share of the
load because of its decreased stiffness, the other beams must carry
more load, and consequently their deflections are greater than those
computed on the basis of all beams having equal stiffness. This in-
crease can easily be seen from the curves for the center and interme-
diate beams in Fig. 37b and c, and is similar to the increase in beam
strains for the corresponding points on Fig. 35b and c.
Although the load carried by the less stiff edge beam is less than
the theoretical for all positions of the load, the decrease in load is
apparently not so great as the 13 per cent decrease in stiffness of the
beams, since the deflections of the edge beam are always greater than
the computed deflections. This is exactly opposite to the effect observed
for the strains, since in that case the 4 per cent decrease in section
modulus was apparently less than the decrease in load carried by
the beam.
As has been pointed out previously, the edge beams of a full-sized
structure would probably not be less stiff than the remaining beams,
since the presence of a curb and handrail would generally compensate
for the decreased width of the slab.
32. Influence Lines for Strains in Slab Reinforcement.-Influence
lines for strains in the transverse reinforcement at midspan are given
in Fig. 38 for all bridges. Similar curves for strains at the quarter-
point are given in Fig. 39 for bridges C15 only. The plotted values
represent the average strains for all tests on each type of bridge, and
full advantage was taken of symmetry in obtaining the averages. The
moments in the slab were computed for values of H based on the gross
section of the slab, and strains were computed from the moments for
both the cracked slab and the uncracked slab.
As in the tests of Series I, the strains over a beam are quite small
and are in good agreement with the computed strains for the un-
cracked slab. It seems probable, therefore, that the slab was not
cracked over the beams.
The influence lines for strains at the center of a panel in Figs. 38
and 39 may be compared with the corresponding curves for Series I
in Figs. 9 and 10. A direct comparison between measured strains is not
possible, however, since the amount of reinforcement was different in
the comparable bridges of the two series.
For the bridge without composite action, the computed strains for
Series III are from 15 to 20 per cent less than those for Series I. The
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measured strains are reduced an even greater amount, however, with
the result that the agreement between measured and computed strains
is poorer for bridges N15 than for bridges W5 and N5.
The relation between measured and computed strains is about the
same for all the bridges with composite action in both Series I and
Series III. The measured strains are approximately the same for C15
and S5 which had the same amount of transverse reinforcement in the
bottom of the slab. The strains for S15 which had 25 per cent more
reinforcement are reduced about in proportion to the change in amount
of reinforcement.
The maximum measured strains at the center of a panel were 32
to 46 per cent of the computed strains for bridges N15 without com-
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posite action, and 27 to 37 per cent for bridges S15 and C15 with com-
posite action. A similar difference in the relation between measured
and computed strains for the bridges with and without composite
action was noted in Series I and was attributed to the greater torsional
stiffness of the composite beams. This explanation serves also for the
bridges of this series. However, the effect should be less than in
Series I since the torsional stiffness of the beams varies inversely as
the square of the span length. A study of the data shows that the
decrease in strain for the composite bridges is only about one-half as
great in Series III as in Series I. It is probable that other effects, such
as differences in the manner of cracking, also contributed to the ob-
served reductions in measured strain for the composite bridges.
The influence lines in Fig. 39 for strains at the quarter-point of
bridges C15 are typical of the results obtained for all the bridges.
Both measured and computed strains at the center of a panel are
slightly smaller at the quarter-point than at midspan. The measured
strains are reduced the greatest amount, however, and are conse-
quently a slightly smaller percentage of the computed strains at the
quarter-point than at midspan. These relations are similar to those
which may be obtained from Figs. 9 and 10 of Series I.
The discussions in Sections 14 and 19 concerning the possible
reasons for the very small strains in the slab reinforcement for Series I
apply equally well to the results of these tests. The ratios of measured
to computed strains are about the same for the composite bridges in
the two series of tests, and although the ratios are somewhat differ-
ent for the bridges without composite action, the difference is not
important.
33. Tests with Uniform Load.-As has been pointed out previously,
the weight of the quarter-scale models is less than that required to
produce dead load stresses having the same magnitude as those in a
full-sized bridge. (See Section 4.) This deficiency was of little con-
sequence in the short-span bridges of Series I and II, but the magni-
tude of the dead load effects is considerably greater for the long-span
bridges of Series III. Consequently, an attempt was made to simulate
the effect of increasing the weight of the structure by the use of sand
and cast-iron weights.
The conditions in a full-sized bridge were not duplicated exactly
by this procedure nor were the loading conditions for the added load
the same as for the actual dead load of the slab on the model bridges.
In the construction of the models, the weight of the slab was applied
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to the beams while the concrete was still green, and consequently this
weight was carried by the I-beams alone, without benefit of composite
action or of the distributing effect of the slab. Similar conditions would
exist in a full-sized bridge if the beams were not shored during con-
struction of the slab. On the other hand, the added dead load in these
tests was applied to the completed bridge and was carried by a struc-
ture consisting of beams and a slab acting together as a unit. More-
over, full composite action was present in bridges S15 and C15.
The strains in the beams and the deflections of the beams at mid-
span resulting from the added dead load are given in Table 8. The
measured values in the table represent the averages for the two bridges
of each type and for symmetrically loaded beams. The computed
values in the table were based on the assumptions that the added
load was distributed equally to all of the beams, and that the section
modulus and moment of inertia of the edge beams were the same as for
the other beams. This procedure is admittedly crude, but in view of the
differences existing between the manner of applying load to the model
and to a full-sized structure, the use of a more refined procedure does
not seem to be called for.
The measured strains and deflections in Table 8 for bridges N15 are
somewhat less than the computed values. Most of the difference, how-
TABLE 8
STRAINS AND DEFLECTIONS AT MIDSPAN OF BEAMS DUE TO
ADDED DEAD LOAD-SERIES III
Beams Beams Beam Relative
A and E B and D C Average Values
Average Strain in Bottom Flange X 105
Bridges N15: Measured 11.5 14.8 15.5 13.6 0.88
Computed 15.5 15.5 15.5 15.5 1.00
Bridges S15: Measured 8.8 11.0 13.5 10.6 0.97
Computed 10.9 10.9 10.9 10.9 1.00
Bridges C15: Measured 14.3 16.2 18.0 15.8 0.96
Computed 16.4 16.4 16.4 16.4 1.00
Deflection in 0.01 in.
Bridges N15: Measured 7.9 9.3 9.3 8.7 0.83
Computed 10.5 10.5 10.5 10.5 1.00
Bridges S15: Measured 4.3 4.7 4.9 4.6 1.07
Computed 4.3 4.3 4.3 4.3 1.00
Bridges C15: Measured 7.5 7.9 8.1 7.8 1.02
Computed 7.6 7.6 7.6 7.6 1.00
Computed values for load distributed equally to all beams.
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ever, is due to the presence of partial composite action which increases
both the section modulus and the moment of inertia of the beams. The
existence of a fairly large amount of partial composite action was
indicated by the fact that the top flange strains were only about 70
per cent as great as the bottom flange strains.
The measured and computed strains for S15 and C15 are distributed
differently, but the agreement between the average values is good. The
same may be said of the deflections for these bridges. Some increase
in average deflection is to be expected, however, as a result of the de-
creased stiffness of the edge beams.
It has been mentioned previously that both the stiffness and the
section modulus of the edge beams in bridges S15 and C15 were less
than the corresponding values for the interior beams. Moreover, the
proportion of the added load which is carried by the edge beams is less
than that carried by the interior beams, both because of the reduced
stiffness of the edge beams and because they receive load from only
one panel of the slab.
An attempt was made to measure the strains produced in the slab
reinforcement by the application of the added dead load. These strains
were so small, however, that reliable measurements could not be ob-
tained with the strain gages used.
34. Strains in Beams for Tests with Simulated Wheel Loads.-The
results of tests with one or two pairs of wheel loads at midspan are
given in Figs. 40 and 41. The load-strain curves in Fig. 40 are aver-
ages for both tests with two pairs of loads. In the first test, the maxi-
mum load applied was just below that which produced yielding in the
beams; in the second test, the load was increased until general yield-
ing of the beams took place. The load-strain curves in Fig. 41 were ob-
tained in the test to failure of the slab, and some yielding of the beams
occurred because of the high loads involved. This latter test was made
before the test to failure of the beams with two pairs of loads.
Computed strains are shown on Figs. 40 and 41 for values of H
based on the gross moment of inertia of the slab. In all cases the
agreement between measured and computed strains is excellent. For
bridges N15 in Fig. 40a the strains in the bottom flange are only 3 to
4 per cent greater than the computed values. The strains in the top
flange are not shown, but they were generally about 10 per cent less
than those in the bottom flange. In Fig. 40b, the measured bottom
flange strains for the most highly stressed beam of S15 are only 4 per
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cent greater than the computed strains. The bottom flange strains for
C15 in Fig. 40c are on the average about 6 per cent less than the com-
puted strains. These relations may be contrasted with those for the
bridges of Series I and II for which the measured strains were as much
as 39 per cent greater than the computed strains.
The measured top flange strains for S15 are only 55 to 75 per cent
of the computed strains, except for the edge beams for which the
percentage is somewhat higher. For C15 the measured top flange
strains are equal to the computed strains except for the edge beams,
in which they are greater. The increased top flange strain for the edge
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beams is explained by the fact that the computed section modulus for
the top flange of the beam is only one-half as great for the edge beams
as for the other beams, because of the smaller width of slab considered
to participate in the action of the composite beam.
The maximum strains for two pairs of loads on the bridge occur in
beam B for N15 and S15, and in beam C for C15. However, in none
of the bridges was there more than 5 per cent difference between the
measured strains in beams B and C. For beams A and D the strains
were about 75 to 85 per cent as great as for beams B and C, and for
beam E only 35 to 40 per cent as great. It should be noted that the
loading used was not intended to produce maximum strains in beams
A, D, or E.
It may be noted from Fig. 40 that the strains for S15 were con-
siderably smaller than those for N15, since composite action was pro-
vided for in the construction of S15 but was not considered in the de-
sign. On the other hand, the strains for C15, which was designed for
composite action, are very similar to those for N15.
The portions of the load-strain curves for the higher loads in the
tests to failure will be discussed in Section 39.
35. Deflections of Beams for Tests with Simulated Wheel Loads.-
Deflections of all the beams at midspan were measured in two tests
with two pairs of loads on the bridge. The maximum load applied was
either 5000 or 6000 lb. per panel, and in all cases the load-deflection
curves were straight lines for their entire length. Consequently, only
the deflections at a load of 5000 lb. per panel are given in Fig. 42. The
computed deflections in this figure are for values of H based on the
gross section of the slab.
The agreement between measured and computed deflections in
Fig. 42 is remarkably good. Slight differences occurring for bridges
S15 and C15 with composite action may be attributed to the de-
creased stiffness of the edge beams in those bridges. As discussed
previously in Section 31, the smaller stiffness of the edge beams
causes a change in the distribution of the load to the various beams
and consequently affects the deflections of all beams.
36. Strains in Slab Reinforcement for Tests with Simulated Wheel
Loads.-Strains were measured in the transverse reinforcement at
midspan for loads at midspan and at the quarter-point for loads at the
quarter-point. The gage lines were located at the centers of the loaded
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panels and over the beams. The individual load-strain curves for all
the test runs on each bridge are given in Fig. 43 for loads at AB and
BC, and in Fig. 44 for loads at BC and CD. Strains for the tests to
failure are also plotted on these figures, but only the portion of the
curves below the yield point will be considered in this section.
The computed strains in Figs. 43 and 44 are based on values of H
similar to those used previously. Strains over a beam were computed
for both the uncracked slab and the cracked slab, while strains at the
center of a panel were computed only for the cracked slab.
Transverse Strains at Center of Panel
For bridges N15, the measured strains at the center of a panel were
only 31 to 60 per cent as great as the computed strains. For bridges
S15 and C15 this ratio was 25 to 53 per cent. The percentages for
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bridges S15 and C15 with composite action compare favorably with
the values of 35 to 49 per cent for bridges S5 of Series I (see Fig. 12).
However, the ratio of measured to computed strains for bridges W5
and N5 of Series I was from 60 to 118 per cent, which is about twice
as great as that observed for bridges N15.
In the tests with loads at AB and BC, the ratio of measured to
computed strain at the quarter-point was usually equal to or slightly
less than that for midspan, while the opposite was true for the tests
with loads at BC and CD.
The measured strains at the center of a panel were greatest for
bridges C15, slightly less for bridges N15, and appreciably less for
bridges S15. The difference in strain for S15 and C15 results from the
use of less transverse reinforcement in the latter. The difference be-
tween S15 and N15, however, must be attributed to a difference in the
behavior of the two structures, since the computed strains are only
slightly less for S15 than for N15.
The measured strain at the center of a panel was generally less at
the quarter-point than at midspan for loads at AB and BC, while the
opposite was true for loads at BC and CD.
A comparison of bridges N15 with W5 and N5 of Series I shows
a considerable decrease in the magnitude of the measured strains,
much greater than is consistent with the increased amount of reinforce-
ment, as may be seen from Figs. 43, 44, and 12. A similar comparison
of S15 with S5 of Series I shows a slight decrease in the magnitude of
the measured strain consistent with the increased amount of rein-
forcement in the bottom. Both the amount of reinforcement in the
bottom of the slab, and the magnitude of the measured strains were
the same for bridges C15 and S5.
Transverse Strains over Beams
The transverse strains over the beams in Figs. 43 and 44 are con-
siderably less than the computed strains for the cracked slab but are
usually greater than those for the uncracked slab. However, since
there is generally no break in the load-strain curves for loads less than
4000 lb., it seems reasonable to assume that there was little, if any,
cracking of the slab over the beams before that load was reached.
The measured strains over the beam in Fig. 44 are of the same
order of magnitude as those for the short-span bridges of Series I (see
Fig. 12), even though the percentage of reinforcement over the beam
was 17 to 33 per cent less in the long-span bridges.
Strains were also measured over beam B for four loads at midspan,
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one at the center of each panel, but the results were not different from
those shown in Figs. 43 and 44.
Longitudinal Strains at Center of Panel
Strains in the longitudinal reinforcement at the center of each panel
were measured for four loads on the bridge, one at the center of each
panel at midspan. The individual load-strain curves are given in Fig.
45, together with the computed strains for values of H based on the
gross section of the slab.
The measured strains for bridges N15 are from 38 to 53 per cent
of the computed strains. These figures compare favorably with the
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ratios of 31 to 60 per cent for the transverse strains at the center of a
panel, and are also comparable to the results obtained for bridges W5
and N5 in Series I.
The ratio of measured to computed longitudinal strain was less for
the composite bridges S15 and C15 than for N15. For S15 it was 9 to
15 per cent, while for C15 it varied from 4 to 6 per cent for the inner
panels to 7 to 16 per cent for the outer panels. The percentages for
S15 and C15 are similar to those obtained for bridges S5 of Series I.
Although the percentage of longitudinal reinforcement was the
same for bridges N15 and S15, the measured strains were much
smaller for the bridges with composite action. Part of the reduction in
strain was due to direct stresses in the slab arising from its action as
part of the composite beam. This effect is more important in these
bridges than in those of Series I, and the strains in bridges S15 may
have been decreased as much as 10 to 15 x 10- 5 at a load of 4000 lb.
The strains in bridges C15 were probably reduced in a similar manner
and by approximately the same amount. It may be noted that the
strains for C15 were not increased over those for S15, even though the
amount of longitudinal reinforcement was 38 per cent less.
37. Effect of Interior Diaphragms.-Interior diaphragms consisting
of 3 in. by 2 in. by % 6 -in. angles were placed between the beams at
the one-third points of the span. The ratio of the moment of inertia of
the diaphragm to that of the beams was 0.023 for the 10-in. beams and
0.048 for the 8-in. beams. Although these ratios appear small, they are
not greatly different from those which have been found for existing
I-beam bridges.
An investigation was made to determine the influence of the dia-
phragms on the action of the bridge. To do this, the diaphragms
were omitted initially in the construction of bridge N15a and were
welded in place later after the tests for influence lines had been com-
pleted. Both before and after the diaphragms were inserted, the
bridge was loaded with a pair of loads in AB and BC at midspan and
measurements were made of strains in the reinforcement and deflec-
tions of the beams.
The deflections of the beams at midspan were not measurably dif-
ferent for the tests with and without diaphragms. The same was true
for the strains in the transverse reinforcement at the centers of the
panels. On the other hand, the strains over beam B were slightly
greater when diaphragms were used. However, in view of the
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small magnitude of these strains, the increase cannot be considered
significant.
These results indicate that the interior diaphragms used in the
tests had no appreciable effect on the behavior of this bridge. How-
ever, in a bridge with stiffer diaphragms or with wider spacings of the
beams, it is possible that the effect of diaphragms may be more im-
portant. Further study of these variables may be desirable for bridges
of proportions considerably different from those considered in
these tests.
38. Slip between Slab and Beam.-Slip between the slab and the
center beam was measured in several of the tests with simulated
wheel loads. The results are presented in the form of load-slip curves
in Fig. 46.
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FIG. 46. LOAD-SLIP CURVES FOR TESTS WITH SIMULATED WHEEL LOADS; SERIES III
The slip plotted in Fig. 46 for the bridges with composite action
was the maximum observed in any of the tests; in many cases there
was no slip at all. It seems apparent that practically perfect com-
posite action was obtained by the use of shear connectors in these
bridges.
The slips for bridges N15 without composite action were quite
large, as may be seen from the curves on Fig. 46. There was more slip
for loads at AB and BC than for loads at BC and CD, probably be-
cause a greater amount of friction was developed between the slab
and the center beam for the latter case of loading. The still greater
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slip for four loads was due to much greater moment and shear carried
by the center beam for that case of loading.
The slip measurements made during the cracking test do not yield
much information regarding the load at which the bond between the
slab and the center beam was first destroyed. For both bridges N15,
slip began at one end of the bridge with the application of the first
500-lb. increment of load. For N15a, the slip at the other end of the
beam was only 0.0005 in. at the maximum load of 3000 lb., and ap-
parently the bond was not broken at that end of the beam at that load.
For N15b, the slip at the other end increased suddenly at a load of
3000 lb. and it may be assumed that the bond was destroyed at that
load.
39. Tests to Failure.-The tests to failure for the bridges of Series
III may be separated into three parts:
(1) Tests to failure of the slab with one pair of loads. Two such
tests were made on each bridge, one at midspan and one at the
quarter-point. Load-strain curves for the transverse reinforcement
were obtained and are included in Figs. 43 and 44. The loads produc-
ing yielding in the transverse reinforcement may be obtained from the
results of these tests.
(2) Tests to failure of the beams with two pairs of loads at mid-
span. The load-strain curves from these tests are included in Fig. 40,
and the loads producing yielding may be obtained from them. This test
was not made on bridges S15b and C15b, since a hole had been
punched in the slab in both inner panels at midspan and the loads
could not be placed in the desired positions to produce maximum
moments in the beams.
(3) Tests to failure of the slab in which punching was produced
by the application of a pair of loads at three locations on the bridge
in addition to the two positions used in (1). The various locations on
the slab at which a pair of loads was applied to produce punching are
shown in Fig. 47. The particular locations used on the individual
bridges are listed in Table 9 together with the load at which punching
occurred. The first two positions listed for each bridge are those cor-
responding to the tests described in (1) in which load-strain curves
were obtained. At the remaining positions no strains were measured
and the only quantities observed were the punching loads given in
Table 9.
The three parts of the tests to failure will be discussed separately
in the following paragraphs.
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FIG. 47. LOCATIONS OF LOADS IN TESTS TO FAILURE; SERIES III
TABLE 9
SUMMARY OF PUNCHING LOADS-SERIES III
Bridges subjected to a pair of equal loads, applied at locations shown in Fig. 47. Loads were applied
to bridge at various locations in order given in table. The loads marked by an asterisk (*) were used
in obtaining the averages given in Table 10.
Bridge Loads Punching Punched Bridge Loads Punchin Punched
per panel per panel
b- b' 10 000* b a- a' 10 500* a'
d-d' 10 550* d c-c' 11 300* c
N15a f-f' 10 900* f' N15b b-b' 8 500* b'
e-e' 16 600 e' d-d' 10 000* d
le-e' 16 400 e' h-h' 10 700* h
a-a' 14 000* a' a - a' 14 500* a'
c-c' 14 900* c d-d' 13 750* d
S15a e-e' 17 500 e S15b i-i' 12 400 i
b-b' 13 200* b e -e' 20 000 e
g-g' 15 000* g h-h' 14 250* h
a-a' 13 400* a' a-a' 13 000* a
c-c' 12 800* c d-d' 12 500* d
Cl5a b-b' 12 800* b C15b i-i'-i"-i"' 7 625 i"'
e-e' 16 500 e' g-g' 11 250* g'
h- h' 12 800* h c-c' 10 000* c'
1Test repeated at opposite quarter-point.
Capacity of Slab
Inasmuch as the load-strain curves for the transverse reinforce-
ment (Figs. 43 and 44) do not usually possess a knee or break, it was
necessary to use the "yield-point strain" as a criterion for the capacity
of the slab. In a manner similar to that used for Series I (see Section
18), the yield-point strain was taken as 0.00150, corresponding to the,
yield-point stress of 45 000 lb. per sq. in. from Table 4. The loads pro-
ducing this strain were then obtained from the curves in Figs. 43 and
44 and were considered to be the loads producing first yielding in the
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TABLE 10
SUMMARY OF DATA FOR TESTS TO FAILURE-SERIES III
Load per Panel in Pounds at: Live Loads+1.0 Dead Load at:
Ratio Ratio
Bridge
First First Punching First First Punching (6) (7)
Yielding Yielding of Yielding Yielding of (5) (5)
of Reinf. of Beam Slab 1  of Reinf. of Beam Slab
(1) (2) (3) (4) (5) (6) (7) (8) (9)
N15 6400 5250 10 300 4.93 3.93 7.93 0.80 1.61
(3.30) (0.67)
S15 8000 7500 14 200 6.15 5.69 10.92 0.92 1.78
(4.85) (0.79)
C15 6500 5250 12 300 5.00 3.93 9.46 0.79 1.89
(3.30) (0.66)
W512 4000 .... 3 7 775 3.03 .... 5.94 .... 2.03
N5S
S52 6600 ... . 11 860 5.03 .... 9.09 .... 1.81
WL5b4 4850 4500 7 000 3.68 3.26 5.34 0.89 1.45
[4350] [3.30] [0.99] [1.62]
W054 3700 4000 6 450 2.80 2.88 4.91 1.03 1.75
[3200] [2.41] [1.20] [2.04]
Values in parentheses for N15, S15, and C15 are beam capacities corrected for effect of paving
allowance and front wheels.
Values in brackets for WL5b and WO5 correspond to useful capacities of slab as obtained from
breaks in load-strain curve (see column 3, Table 7)..1 For loads at centers of panels. Average of values marked with an asterisk (*) in Table 9.2 Averages from Table 6.
3 Not given since only one pair of loads was used in tests to failure.
4From Table 7.
reinforcement. The minimum loads thus obtained are given in column
2 of Table 10. The minimum load for each bridge was obtained for
loads in BC and CD at midspan (Fig. 44); that is, the maximum
transverse strains at the center of a panel were produced by that
loading.
The loads at first yielding of the reinforcement are also given in
Table 10 in terms of live loads corresponding to a standard H-20
truck. The number of live loads was determined by dividing the loads
in column 2 by 1300 lb., the magnitude of an H-20 wheel load on the
model. Since full dead load was on the bridge throughout the tests to
failure, no correction similar to that made in Series I was required.
The number of live loads required to produce first yielding of the
reinforcement may be considered as a measure of the capacity of the
slab. Similar values obtained for the bridges of Series I and II are
included in Table 10 to facilitate comparison.
The capacity of the slab for bridges S15 with composite action was
greater than that for bridges N15 without composite action. This is in
agreement with the results for Series I, in which a similar but greater
increase in capacity was noted for bridges S5 as compared with W5
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and N5. The capacities for N15 and C15 are the same, but this is
probably due in part to the use of less reinforcement in the latter
bridge. The capacities of C15 and S15 are in proportion to the per-
centage of transverse reinforcement in the bottom of the slab. It may
also be seen from Table 10 that the capacities of C15 and 85, which had
the same amount of transverse reinforcement, are the same. Also, the
capacities of S15 and S5 are in proportion to the percentage of trans-
verse reinforcement.
However, the capacity of the slab for bridge N15 was considerably
greater than for WL5b which had the same amount of transverse
reinforcement, whereas the capacities for WL5b, W5, and N5 were in
proportion to the percentage of transverse reinforcement. In other
words, the capacity of N15 was relatively greater than for the short-
span bridges. Whether the difference is due to differences in span or
relative stiffness of the beams or to other reasons is not known
definitely. However, the bridges with composite action had about the
same capacity independent of the span length which seems to indi-
cate that, at least for large values of H, the effect of span length is
not important.
Capacity of Beams
The capacities of the beams for the various bridges were obtained
by use of the "yield-point strain" criterion. This was made necessary
by the lack of a well-defined break or knee in the load-strain curves
for S15 and C15. However, the results obtained by this criterion agreed
fairly well with those obtained from a reasonable guess as to what
constituted the breaks in the load-strain curves.
The yield-point strain was obtained in the following manner: The
strains at which yielding began in tension tests of the material of
the beams were obtained from the yield-point stresses in Table 3. The
strains thus obtained were reduced by an amount equal to the dead-
load strains present in the beams at the beginning of the tests to
failure. The values of the strains mentioned above and the final value
of the yield-point strain are tabulated below:
Strain at Dead-Load "Yield-pointBridge Yield-Point Strain Strain"
N15 0.00144 0.00020 0.00124
S15 0.00144 0.00016 0.00128
C15 0.00137 0.00024 0.00113
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The loads producing the above strains were determined from the load-
strain curves in Fig. 40, and were taken as a measure of the capacity
of the beams. The smallest load was obtained for beam B in each
bridge, and the resulting values are given in column 3 of Table 10.
The loads at first yielding of the beams are also given in Table 10
in terms of live loads plus one dead load. Inasmuch as full dead load
was on the bridges during the tests to failure, no correction for dead
load was required for bridges N15. However, a small correction was
necessary for bridges S15 and C15 in which the added dead load was
carried by the composite beam rather than by the I-beam alone, as
was the dead load of the bridges themselves. Since the section modulus
for the bottom flange was about 45 per cent greater for the composite
beam, it is apparent that the dead load stresses due to the added dead
load were not so great as they should have been for true similitude.
The correction for this effect was found by calculation to be approxi-
mately 0.21 LL. The values in column 6 of Table 10 were obtained
by first converting the loads in column 3 into live loads by dividing by
1270 lb., the magnitude of a rear wheel load plus impact for the span
length of the prototype bridges, and then subtracting 0.21 LL from
the values thus computed.
The values given in column 6 of Table 10 may be considered to
represent the capacities of the bridges for loads applied in the tests to
failure. However, there were two types of loads considered in the
design of the beams which were not applied to the bridges in these
tests. They were (1) a paving allowance of 25 lb. per sq. ft., and
(2) the front wheels of the standard H-20 trucks. If the paving allow-
ance had been included in the dead load, the resulting beam stresses
would have corresponded to those produced by about 0.20 LL. Conse-
quently, the effect of an added pavement load can be considered by
subtracting 0.20 LL from the values given in column 6. The moment
under the rear wheels at the center of the bridges is increased approxi-
mately 13 per cent by the addition of the front wheels to the bridge.
Therefore, the effect of the front wheels may be taken into account
by dividing the values in column 6 by 1.13. The number of live loads
at first yielding of the beams, corrected for the effect of both paving
allowance and front wheels, is given by the figures in parentheses
in column 6 of Table 10.
The capacity of the beams for S15 was 45 per cent greater than
that for N15. This was to be expected since composite action was not
taken into account in the design for S15, and the section modulus of
the composite beam actually used was 42 per cent greater than that
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for the I-beam alone which was assumed in the design. The capacities
of the beams for bridges C15 and N15 were the same, and it may
therefore be concluded that the manner of designing bridges C15 to
take account of composite action was satisfactory.
The capacities of the beams corrected for the effect of paving al-
lowance and front wheels were very nearly the same for N15 and C15
as for WL5b. No comparison can be made with the capacities observed
in Series I since only one pair of loads was used in the tests to failure
of the beams in that series.
The capacity of the beams was appreciably less than the capacity
of the slab as measured by first yielding in both cases. Since the beam
capacities of 1.0 DL + 3.30 LL provide an adequate factor of safety,
it is evident that the inequality results from too high slab strengths
rather than from too low beam strengths.
Punching Loads
The loads at which punching was produced by a pair of loads at
various locations on the bridge are given in Table 9. The positions of
the loads are shown in Fig. 47. Load positions a-a', b-b', c-c', and d-d'
were those used in the tests to failure of the slab which have been dis-
cussed previously. The additional load positions were as follows: e-e'
at the quarter-point with the loading disks placed tangent to the edge
of the beam flange; f-f' at midspan with the loads 6 in. from the
center line of the beams; g-g' and h-h' at the centers of panels at the
one-third points at the locations of the diaphragms; and i-i'-i"-i'", for
which either two or four loads were placed in a single panel at and
near midspan.
The smallest punching loads were obtained for loads at the center
of a panel, and no consistent difference was noted between the loads
obtained at the one-third point over the diaphragms and those ob-
tained at midspan or at the quarter-point. Considerably higher punch-
ing loads were obtained for loads in position e-e' adjacent to the beams,
but the results for loads at f-f' were similar to those for loads at the
center of a panel. The results for loads at positions i-i' may have some
significance in that the two loads used were spaced at only a slightly
greater distance (5 ft. in the prototype) than the two rear wheels on one
side of a truck with tandem axles. The low punching resistance for four
loads in one panel (i, i', i", i") is not particularly significant.
The character of the punching failure was similar in all respects to
that observed for the bridges of Series I and for bridge WL5b of
Series II. A typical view of the bottom of the slab after punching is
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FIG. 48. VIEW OF BOTTOM OF BRIDGE C15a AFTER FAILURE OF SLAB BY
PUNCHING IN INNER PANEL; SERIES III
given in Fig. 48. The bridge shown is C15a, and the loads producing
failure were located at the centers of the inner panels at midspan.
The punching loads obtained for loads at or near the center of a
panel are indicated by an asterisk (:) in Table 9. The averages of all
values thus marked for both bridges of each type are given in column 4
of Table 10. The corresponding numbers of live loads in column 7 were
obtained by dividing the loads in column 4 by 1300 lb., the magnitude
of one live load plus impact for the slab. The ratios between the
punching loads and the loads at first yielding of the reinforcement are
given in column 9.
The punching loads in these tests, as in Series I, are greater for
the bridges with composite action than for those without. To a certain
extent, the punching loads appear to be dependent upon the same
factors as the loads at first yielding of the reinforcement in all the
tests, even though the ratio of these two loads varies in individual tests
from 1.45 to 2.65. It should be kept in mind, however, that punching
of the slab is a secondary failure and that it occurs at loads on the
average about 80 per cent greater than those producing first yield-
ing in the reinforcement.
40. Discussion of Results.-The results of the tests of Series III
were very similar to those for Series I and II. However, in general,
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the ratio of measured to computed strains in both the beams and the
slab was smaller for the long-span bridges than for the short-span
bridges.
Strains in Beams
The measured beam strains were usually in good agreement with
the computed strains for a value of H based on the gross section of
the slab. These results are in marked contrast with those for Series I,
in which the measured beam strains exceeded the computed strains by
as much as 40 per cent. In the long-span bridges the theoretical pro-
portion of the total static moment carried by the beams is much
greater than in the short-span bridges. Consequently, cracking of the
slab with the attendant reduction in the magnitude of the total longi-
tudinal moment carried by the slab has a smaller effect on the moment
carried by the beams. As an example, for bridges N15, theoretically
the beams carry about 97 per cent of the total static moment, while,
for bridges N5, the corresponding proportion is about 70 per cent.
The effect of cracking of the slab is to bring these figures closer to
100 per cent in each case. The enormous difference in the magnitude
of the effect of the action of the slab is self-evident.
The measured strains for S15 were considerably smaller than those
for either C15 or N15. This was the natural result of providing com-
posite action in S15 and at the same time using beams which were
designed without regard to such action.
Deflections of Beams
The measured and computed beam deflections were in excellent
agreement except for minor discrepancies due to the decreased stiffness
of the edge beams of bridges S15 and C15. This result, together with
the good agreement of measured and computed beam strains, may be
taken as an indication that the value of H used in the analysis is
entirely satisfactory for the bridges of Series III. Although the meas-
ured and computed strains in the slab reinforcement were usually not
in good agreement, those strains are not very sensitive to changes in
the value of H, and consequently their agreement would not be im-
proved appreciably by changing the basis on which H was computed.
Strains in Transverse Reinforcement
The ratio of measured to computed transverse strain in the rein-
forcement at the center of a panel was smaller for the long-span
bridges without composite action than for the similar short-span
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bridges. For the composite bridges, however, the ratios of measured
to computed strains were of the same order of magnitude for the
bridges of both series, but were smaller than the ratios for the bridges
without composite action. The large ratios of measured to computed
strain for the short-span bridges were found principally in the tests
of Series II in which two pairs of loads were used. However, high
ratios were also obtained in Series I with only one pair of loads on the
bridge. No strains were measured in the long-span bridges for two
pairs of loads.
The transverse strains over the beam were less than the computed
strains for the cracked slab and greater than those for the uncracked
slab. From this and other evidence, it was concluded that cracking of
the top of the slab over the beams did not occur until relatively high
loads were reached.
The difference in measured and computed transverse strains in
these tests is believed to be due to the same causes as the similar
differences observed in the tests of Series I. These causes, previously
discussed in Section 19, consisted chiefly of various effects due to
cracking of the slab.
Strains in Longitudinal Reinforcement
The relation between measured and computed strains in the longi-
tudinal reinforcement was the same in these tests as in the tests of
Series I. In no case was the measured strain greater than about one-
half the computed value. As was also the case in Series I, the greatest
proportion of the computed strain was attained in the bridges without
composite action. For the bridges with composite action, the ratio of
measured to computed strain was less than about 15 per cent in all
cases.
Although the percentage of longitudinal reinforcement was 38 per
cent less for C15 than for S15, there was very little difference in the
measured strains for the two bridges.
Effect of Interior Diaphragms
No significant effect on either the strains in the slab or the deflec-
tions of the beams was produced by the use of interior diaphragms
having a stiffness relative to that of the beams of 0.023. The diaphragms
were located at the one-third points of the span. The loads were ap-
plied and the strains and deflections were measured at midspan in
this test.
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Capacity of Bridges
The capacity of the beams for bridges N15 and C15 was 3.30 live
loads. This figure is not excessive and it may be concluded that the
methods for the design of beams both with and without composite
action are satisfactory. First yielding in the slab reinforcement in these
same bridges was produced by a load of 5.0 live loads, while the ulti-
mate punching failure of the slab did not occur until a load 61 to 78
per cent greater was reached. It would seem from these results that
the design of the slab for the long-span bridges is too conservative.
The results for bridges S15 are not included in the above discussion
since the beams were obviously over-designed.
VII. SUMMARY OF RESULTS
41. Preliminary Remarks.-Laboratory tests were made on nine
short-span and six long-span I-beam bridges. The purpose of the tests
was twofold: (1) to compare measured strains in the beams and in
the slab with values computed from the theory, and (2) to determine
the ultimate capacity of the bridges and their manner of failure.
The principal results of the tests are summarized in the remaining
sections of this chapter. For the convenience of the reader, the items
listed below are discussed separately:
(1) The selection of a proper basis for computing the value of H
to be used in the theoretical calculations.
(2) The relation between the measured and computed strains in
the beams, and the possible reasons for differences in that relation for
the various bridges tested.
(3) The relation between the measured and computed strains in
the slab reinforcement, and the various factors which affect that
relation.
(4) The effectiveness of the longitudinal reinforcement in the slab,
and the effect on the behavior of the bridge of decreasing the amount
of such reinforcement.
(5) The effect of composite action between the slab and the beams
of the bridges in these tests, and the effectiveness of such action.
(6) The ultimate strength of the various bridges and their manner
of failure.
(7) The applicability of the analysis.
42. Value of H, Relative Stiffness of Beam and Slab.-An im-
portant variable in the calculation of the moments in the I-beam
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bridge is the value of H, the relative stiffness of the beam and slab.
The chief uncertainty with regard to this quantity is the manner in
which the moment of inertia of the slab is computed. In this bulletin a
value of H based on the moment of inertia of the gross section of the
slab was used in practically all of the computations. This choice is
open to some question since it is known definitely that the slab was
cracked over a large portion of its under side. The assumption of a
fully cracked slab results in a considerable increase in the value of H,
and such an increase was also indicated by the relation between meas-
ured and computed beam strains and deflections for the short-span
bridges. However, exactly the opposite trend was indicated by the cor-
responding results for the long-span bridges. Since there are not suf-
ficient data to form the basis for a procedure involving different as-
sumptions as to the extent of cracking in the short-span and long-
span bridges, the value of H based on the gross section of the slab
is probably as good. a figure as can be found.
Other reasons for using a value of H based on the gross section of
the slab are as follows:
(1) It provides simplicity, since only the thickness of the slab
enters into the calculation for moment of inertia.
(2) It is convenient for use in designing, since the amount of re-
inforcement in the slab need not be known in order to compute H.
(3) The use of the gross section of the slab is consistent with the
usual procedure for computing the stiffness of reinforced concrete
members.
(4) If the moment of inertia of the cracked slab is used, and if
the amount of reinforcement or its effective depth is different in the
two directions, the stiffness of the slab will be different for the two
directions. Although it is recognized that the actual slab is probably
anisotropic, the analysis of such a slab is extremely difficult, and
tabulated data, such as those given in Bulletin 336 for the slab of
isotropic material, are not available.
43. Relation between Measured and Computed Strains in Beams.-
The measured strains in the beams were appreciably greater than the
computed strains for all of the short-span bridges, while for the long-
span bridges the agreement was very good in all cases.
The maximum increase of measured over computed strain was
39 per cent for the short-span bridges without composite action in
Series I. The corresponding increase for the similar bridges in Series II
ranged from 13 to 27 per cent, depending upon the amount of longi-
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tudinal reinforcement and the number of loads with which the bridge
was loaded. The strains for the short-span bridges with composite ac-
tion were in somewhat better agreement; the maximum observed
increase was only 14 per cent, and the greater part of this can be ac-
counted for by assuming the accidental use of lighter beams in these
bridges. The measured strains for the long-span bridges were never
more than 4 per cent greater than the computed strains.
In general, the difference between measured and computed strains
was less for those bridges in which the slab carried only a small pro-
portion of the total static moment; that is, for the long-span bridges,
and for the short-span bridges with composite action. In such struc-
tures the effect of reducing the total moment carried by the slab has
such a small effect on the beam moments that cracking of the slab does
not appreciably change the action of the structure. For the other
structures where the slab theoretically carries as much as 30 per cent
of the total longitudinal moment, cracking of the slab is important.
In general, after the slab is well cracked, the agreement between
measured and computed maximum strains in the beams is reasonably
good if allowance is made for the failure of the slab to carry the theo-
retical proportion of the total longitudinal moment. The theoretical
portion of the total static moment carried by the slab can be approxi-
mated reasonably well by the ratio of the total stiffness of the slab
to the total stiffness of slab and supporting beams, as indicated in
Bulletin 336. 9 To assume that the slab is capable of carrying no part
of the static moment is on the safe side for the beams. If the com-
puted beam moments are arbitrarily increased so as to account for the
total static moment, the strains computed from those increased mo-
ments are in good agreement with the measured strains.
44. Relation between Measured and Computed Strains in Slab Re-
inforcement.-Strains in the slab reinforcement were measured at three
locations as follows: (1) in the transverse reinforcement in the bottom
of the slab at the center of a panel; (2) in the transverse reinforce-
ment in the top of the slab over a beam; (3) in the longitudinal rein-
forcement in the bottom of the slab at the center of a panel. The results
obtained at the various locations are summarized below.
Transverse Strains at Center of Panel
The transverse moment at the center of a panel is nearly always
the controlling moment in the design of the slab. Theoretically, it is a
9 Bul. 336, Univ. of Ill. Eng. Exp. Sta., pp. 24-25.
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maximum for only one pair of loads on the bridge, if one of the loads
is at the center of the panel. Most of the strains in these tests were ob-
tained for that loading condition. However, in Series II strains were
also measured for two pairs of loads on the bridge. The range of the
ratios of measured to computed strains for the various bridges are
given in the following table:
Type of Bridge
Short-span bridges:
Without composite action
One pair of loads
Two pairs of loads
With composite action
Long-span bridges:
Without composite action
With composite action
Measured
Computed ' %
(Range)
60 - 118
98 - 135
35 - 49
31 - 60
25 - 53
It may be noted from the above table that, except for the short-
span bridges without composite action, the measured strains were ap-
preciably less than the computed strains for values of H based on
the gross moment of inertia of the slab and for the assumption of a
completely cracked slab. The same phenomenon was observed in tests
of simple slab panels under concentrated loads.10
The tests of Series II conclusively demonstrated that the distribu-
tion of transverse strain across a section was similar to that pre-
dicted by the theory. Consequently, none of the reduction in strain can
be attributed to that source. It is believed, however, that the meas-
ured strains were less than the computed strains for the following
reasons:
(1) The slab was not completely cracked, as assumed in com-
puting strains from the moments, and consequently some tensile stress
was carried by the mortar of the slab. As previously stated in Sec-
tion 14, it is believed that not more than about 10 per cent of the ob-
served reductions in strain resulted from this cause.
(2) The slab was cracked on the bottom at the center of a panel
but was not cracked on top over the beams. The resulting difference
in stiffness of the slab at the two positions undoubtedly caused a re-
duction in the positive moment at the center of a panel and a corre-
sponding increase in the negative moments over the beams.
10 Bul. 314, Univ. of Ill. Eng. Exp. Sta.
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(3) There is increased restraint at the edges of a panel resulting
from the fact that the slab is supported over the finite width of the
beam flange rather than on a line support as assumed in the analysis.
The effect of this restraint is to decrease the positive moment at the
center of the panel. The decreased effective span of the slab has a
similar effect.
(4) There is increased restraint at the edges of a panel resulting
from the torsional stiffness of the beams. This effect would be greater
for the bridges with composite action than for those without, and
would be greater for the short-span bridges than for the long-span
bridges.
It may also be noted from the above table that the strains for the
short-span bridges without composite action were greater for the two
pairs of loads than for one pair. Although it is possible that the use
of additional loads would have increased the strains observed in the
other bridges, it is not probable that the increase would be great
enough to bring the measured and computed strains into agreement.
In fact, there is some reason to believe that the effect of an extra pair
of loads would be less for the bridges with the larger values of H.
In all cases, strains in the reinforcement measured at the quarter-
point of the span were in good agreement with those measured at
midspan.
Transverse Strains over Beams
The strains in the transverse reinforcement over the beams were in
all cases considerably less than the computed strains for the com-
pletely cracked slab, yet they were greater than those for the un-
cracked slab. All the evidence of the tests indicates that the slab was
not cracked over the beams, which serves to explain the fact that the
observed strains were smaller than those computed for the cracked
slab. Moreover, since the increased stiffness of the uncracked slab
probably produced an increase in the negative moment over the beams,
the difference between the measured strains and those computed for
the uncracked slab is also explained.
The results discussed in the preceding paragraph suggest that the
amount of transverse reinforcement over the beams might be reduced
from that now provided. Some information on the effect of such a re-
duction may be obtained by comparing the results for Series I, in
which the same amount of transverse reinforcement was used in both
the top and bottom of the slab, with the results for Series II and III,
in which two-thirds as much reinforcement was used in the top as in
the bottom. The reinforcement for Series I conforms to the provisions
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of the 1941 A.A.S.H.O. specifications, while for Series II and III the
recommendations of Bulletin 336 were followed. The measured strains
are of the same order of magnitude for all of the bridges tested, while
the ratio of measured to computed strain is actually less for Series II
and III than for Series I.
Longitudinal Strains at Center of Panel
The measured strains in the longitudinal reinforcement at the
center of a panel were always less than the computed strains. The
range of ratios of measured to computed strains for the various bridges
are given in the following table. The results for bridge W05 of
Series II are not included.
Type of Bridge
Short-span bridges:
Without composite action
One pair of loads (Series I)
Two pairs of loads (Series II)
With composite action
One pair of loads
Long-span bridges:
Without composite action
Two pairs of loads
With composite action
Two pairs of loads
Mveasured
Computed' %
(Range)
30 - 40
46 - 56
10
38 - 53
4- 16
Most of the reduction from the computed longitudinal strains may
be attributed to the decreased stiffness of the slab due to cracking, and
consequent transfer of longitudinal moment from the slab to the beams.
Moreover, part of the decrease for the bridges with composite action
was probably the result of compressive stresses in the slabs. This effect,
however, was negligible in the short-span bridges, and was of sufficient
magnitude to account for only a small part of the decrease in strain in
the long-span bridges.
Although the ratio of measured to computed longitudinal strains
was nearly always less than the corresponding ratio for the transverse
strains at the center of a panel, the actual measured strains in the two
directions were frequently of the same magnitude. This was especially
true for the bridges without composite action for which the measured
longitudinal strains were on the average equal to or greater than the
measured transverse strains. On the other hand, for the bridges with
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composite action, the measured longitudinal strains were usually ap-
preciably less than the transverse strains.
The effects of variations in the amount of longitudinal reinforce-
ment, and the results for bridge WO5, are discussed in the following
section.
45. Effectiveness of Longitudinal Reinforcement.-The effect of
decreasing the amount of longitudinal reinforcement was investigated
in Series II by comparing the results obtained from tests on bridges
identical except for the amount of longitudinal reinforcement, which
was 1.06 per cent in one bridge and 0.198 per cent in the other. The
effects of this reduction in the amount of longitudinal reinforcement
may be summarized as follows:
(1) The strains in the longitudinal reinforcement at the center of
a panel were greater for the bridge with the smaller amount of rein-
forcement, but the increase in strain was considerably less than that
computed from the theoretical moment for an isotropic slab.
(2) The maximum transverse strain at the center of a panel was
increased by as much as 38 per cent.
(3) The maximum strains in the beams were increased about 8
per cent, and the useful capacity of the beams was decreased 10
per cent.
(4) The capacity of the slab at first yielding was decreased 27 per
cent, and the load at which the slab failed by punching was decreased
8 per cent.
(5) The manner of cracking of the slab was considerably affected.
Fewer but larger cracks were noted for the bridge with the decreased
amount of longitudinal reinforcement and practically all of the cracks
were in the transverse direction.
It may be concluded from the above statements that although the
longitudinal reinforcement acts in a secondary capacity, it cannot be
omitted entirely, or reduced considerably in amount without affecting
the action and strength of the bridge. However, it is also evident that
less longitudinal reinforcement may be used than the amount required
by the design procedure proposed in Bulletin 336, which was 1.06 per
cent for the bridges in question. Just how much less cannot be deter-
mined from the tests of Series II. However, on the basis of the results
from Series I in which the amount of longitudinal reinforcement was
appreciably less than that required by the above-mentioned design
procedure, it may be concluded tentatively that longitudinal reinforce-
ment in amounts as small as 0.50 per cent of the effective area of the
slab may safely be used.
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46. Composite Action.-On the basis of the measured beam strains
and deflections and of the observed slips between the slab and the
beam, it can be concluded that full composite action was attained in all
of the bridges in which shear connectors were used. The behavior of
the bridges with composite action was satisfactory in every respect and
the agreement between measured and computed values for those bridges
was usually as good as for the bridges without composite action.
For bridges S5 and S15 in which composite action was provided in
construction but neglected in design, the measured beam strains and
deflections were considerably less than those for similar bridges with-
out shear connectors. However, for bridges C15 which were designed
for composite action, the beam strains were of the same order of mag-
nitude as those for bridges N15 without composite action. On the other
hand, the beam deflections for the composite bridges were appreciably
less than those for the bridges without composite action.
The following conclusions may be drawn regarding composite ac-
tion in I-beam bridges:
(1) Full composite action may be obtained by the use of shear
connectors of the type used in these tests.
(2) The use of composite action permits the use of lighter beam
sections without decrease in strength.
(3) The deflections of the beams will usually be less for a bridge
with composite action than for a bridge without composite action.
(4) Since the principal effects of composite action are confined to
the beams, particularly for the long-span structures, and since the
agreement between measured and computed beam strains and deflec-
tions in these tests was good, the analysis presented in Bulletin 336
may be utilized for further comparisons between bridges with and
without composite action.
47. Ultimate Strength of Bridges.-The ultimate capacity of an
I-beam bridge depends on the particular criterion of failure which is
adopted. In this bulletin, the following criteria have been used:
(1) The capacity of the slab has been measured by the load pro-
ducing first yielding in the reinforcement.
(2) The capacity of the beams has been measured by the load pro-
ducing first yielding in the beams.
(3) The ultimate capacity of the slab has been taken as the load
at which the slab failed by punching.
The capacities obtained by the above criteria have been expressed
as the number of live loads plus impact which the bridge could sup-
port in addition to 1.0 dead load.
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In those terms, the capacities of the slabs were in the range of 2.41
to 3.30 LL for the short-span bridges without composite action, and in
the range of 4.93 to 6.15 LL for all the long-span bridges and for the
short-span bridges with composite action. The punching loads were
on the average about 80 per cent greater than the loads producing
first yielding in the reinforcement.
The capacity of the beams for the short-span bridge WL5b and for
the long-span bridges N15 and C15 was in each case equal to 3.3 LL.
The results for the bridges of Series I in which only one pair of loads
was used, the results for bridge W05 without longitudinal reinforce-
ment, and the results for bridges S15 for which the beams were over-
designed by ignoring the presence of shear connectors, have been
excluded from consideration because of the abnormalities mentioned.
For the short-span bridge WL5b, the capacities of the beam and
slab were equal, while for the long-span bridges N15 and C15 the
capacity of the slab was 50 per cent greater than that of the beams.
The following conclusions may be drawn regarding the capacities
of the slab and beams:
(1) The capacity of the slab before yielding of the reinforcement
was satisfactory for the bridges with low values of H, but was exces-
sive for the bridges with higher values of H.
(2) The loads producing punching failure of the slab were at least
45 per cent greater than those producing first yielding in the reinforce-
ment, and averaged 80 per cent greater.
(3) The capacity of the beams before yielding was satisfactory
for all bridges which might be considered typical of actual structures.
(4) Although the relation between measured and computed beam
strains was different for the short-span and long-span bridges, the
capacities of the beams were in good agreement for the two span
lengths.
48. Applicability of the Analysis.-Certain of the assumptions
upon which the analysis of I-beam bridges is based are definitely not
valid. The structure tested, representative of the actual bridge, differs
from the structure assumed in the analysis in the following impor-
tant ways:
(1) The moment of inertia of the slab is not definitely known
because of cracking of the slab. There results from this an uncertainty
in the value of H which is a fundamental factor in the analysis.
(2) The cracking of the slab produces a lack of homogeneity of
the structure, with different properties at different points. For example,
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there was apparently more cracking at the centers of the panels than
over the beams, which produced a corresponding difference in stiffness
in these locations. The net effect is to make the slab act almost as if
it were haunched over the beams.
(3) The cracking of the slab also introduces a difference in prop-
erties of the slab in different directions, since the moment of inertia
of the cracked slab is different in the transverse and longitudinal
directions. Furthermore, at a particular point, the moment of inertia
in different directions depends on the direction of the cracks at that
point. The actual slab is anisotropic, whereas the slab assumed in the
analysis is isotropic.
(4) The reaction of the beams on the slab is not concentrated
along a line as assumed in the theory but is distributed over a finite
width of flange. The width of the support and the torsional stiffness
of the beam produce a restraint against the rotation of the slab which
is not considered in the analysis.
Although it is possible to modify the analysis to take account of
some of these factors, it is difficult to do so, and perhaps impossible to
account completely for the true conditions of cracking.
The effect on the behavior of the structure of the discrepancies in
the assumptions upon which the analysis is based, is in general of
importance only quantitatively. The qualitative picture of the action
of the I-beam bridge that is given by the analysis agrees very well
with the observed behavior; that is, the relative importance of the
variables, the effects of changes in proportions, the locations of maxi-
mum moments, the manner of initial failure, are all indicated faith-
fully by the theory. However, the numerical values of the strains at
particular points in the structure sometimes differ appreciably from
those predicted by the analysis. Even in such cases, the reason for the
discrepancy can be found in the theory and quantitative corrections
can be made.
The greatest discrepancies between measured and computed strains
are found in the slab. In general, the measured strains were smaller
than those predicted by the theory on the basis of the cracked slab.
A design of the slab based entirely on the moments computed by the
analysis would lead to a structure that seems to be more conservatively
designed than is necessary for reinforced concrete. On the other hand,
complete empiricism in the design, with the use of quantities de-
termined from tests alone, would lead to equally unsatisfactory struc-
tures, since the conditions in any test are not entirely representative
of conditions in the structure. For example, the measured strains are
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to a large extent dependent upon the magnitude and pattern of crack-
ing. In an actual structure, the cracking would not be so thorough as
that obtained in these tests unless the bridge were practically on the
point of failure. Yet, to provide for all contingencies, it was necessary
to perform the tests in such a way that the worst possible conditions
were represented.
The applicability of the analysis to the determination of moments
in the beams is much more satisfactory. For structures of the propor-
tions generally used, the dimensions are such that nearly all of the
total static moment is carried by the beams alone. In such structures,
the numerical value of the moments given by the analysis may be
used directly. For bridges in which the action of the slab in carrying
longitudinal moment is important, the analysis may be used with a
simple modification, as discussed in Section 43. This modification has
a sound theoretical basis.
With a judicious combination of results from the analysis and the
tests, it should be possible to develop a rational design procedure. In
effecting such a rationalization, it must be remembered that nearly all
of the discrepancies that tend to produce differences between measured
and computed strains in the slab have the effect of reducing the
magnitude of the measured quantities.
For a complicated structure with so many variables, the planning
and interpretation of the tests would have been almost impossible
without having as a basis for comparison the results of the theoretical
analysis.
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APPENDIX A
TESTS OF REINFORCED MORTAR CONTROL BEAMS
1. Object of Tests.-One purpose of the tests on I-beam bridges
reported in this bulletin was to check the validity of the method used
for computing moments in the slab. However, since this can be accom-
plished only by comparing measured and computed strains, it is desir-
able to investigate the errors associated with the method of computing
strains from the calculated moments. This has been done by making
tests on simply supported reinforced mortar beams which were essen-
tially strips taken from the slab of the I-beam bridge. The strains in
these beams, in which the moment is known from the laws of statics,
were measured and compared with those computed for the assumptions
commonly made and used in the main body of the bulletin.
Tests were made on two sets of specimens, Series A and B. Each
set consisted of:
(1) Two reinforced beams in which strains were measured. These
were the principal test specimens.
(2) Two beams similar to those in (1) but without reinforcement.
These beams served for the determination of the modulus of rupture
of the mortar under loading conditions similar to those used for the
reinforced beams.
(3) Four small unreinforced beams similar to those used in the
tests of Series II for the determination of modulus of rupture under
third-point loading.
(4) Eight 2 x 4-in. cylinders for the determination of modulus of
elasticity and compressive strength.
2. Description of Beams.-The reinforced beams were 1.75 in. deep,
3 in. wide, and 20 in. long overall, and were reinforced with three
l%-in. square bars spaced at one inch. The depth of the beams was the
same as that of the slabs used in the quarter-scale models. The rein-
forcement was the same as that in the transverse direction in the
bridges of Series II. The companion unreinforced beams were iden-
tical with the reinforced beams except for the omission of the rein-
forcement.
The small unreinforced beams were 1.75 in. thick, 2 in. wide, and
17 in. long overall, and were identical with those used for flexural tests
in Series II.
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3. Manufacture of Beams.-The mortar used for the beams was
the same as that used in the slabs of Series II. The properties of the
mortar are given in Table 11. The properties of the reinforcement were
the same as those given in Table 4 for Series II.
TABLE 11
PROPERTfES OF MORTAR IN BEAMS
Modulus of Rupture,
lb. per sq. in.
Compressive Modulus of
Series Condition of Age at Strength ElasticityTest Test, Large Small lb. per sq. in. lb. per sq. in.days Beams Beams X106
Center Third-point
Loading Loading (8 Cyl.) (4 Cyl.)
(2 Beams) (4 Beams)
A Dry 29 617 593 3690 3.48
B Wet 28 5511 462 2214 3.11
I Results from one beam only.
The specimens of Series A, consisting of two reinforced beams, Al
and A2, two large unreinforced beams, four small unreinforced beams,
and eight cylinders were cured for seven days in the moist room, after
which they were removed and given two coats of "Damit 45" curing
compound. They were allowed to cure 22 additional days in the air of
the laboratory, and were tested at an age of 29 days. This set of speci-
mens was tested "dry".
The specimens of Series B were given similar treatment except
that they were allowed to cure in the moist room for 28 days and were
tested at that age without being allowed to dry out. This set of speci-
mens was tested "wet".
4. Test Procedures.-The reinforced beams were tested on an 18-in.
span corresponding to the spacing of the beams in the model bridges.
The load was applied at midspan through a 3-in. square bearing block
seated on a sponge rubber cushion in order to duplicate as closely as
practicable the conditions existing in the tests of the I-beam bridges.
Bearing plates grouted to the ends of the beams rested on rollers at
each support. Load was applied with a screw jack of 25-ton capacity,
and was measured with a dynamometer of 10 000-lb. capacity.
Strains were measured on each of the reinforcing bars at midspan
by means of a Huggenberger strain gage having a gage length of one
inch. The bars were exposed over a distance of about 112 in. in order
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that the gage might be attached. Because of the close spacing of the
bars, strains could be measured on only one bar at a time, and it was
therefore necessary to change the location of the strain gage and
repeat the loading cycle in order to obtain strains in all three bars of
each beam. The large unreinforced beams were tested on the same
span and with the same loading as the reinforced beams.
The small unreinforced beams were tested on a 15-in. span with
loads at the one-third points, in exactly the same manner as the
similar beams in Series II.
Stress-strain curves were obtained for four of the eight control
cylinders, and were used for the determination of the initial tangent
modulus of elasticity of the mortar.
5. Description of Tests.-In all of the tests, load was applied in
increments of 50 lb. and strains were measured for each increment.
The maximum load applied in all tests prior to the test to failure was
500 lb. For the first application of the load to produce cracking, strains
were measured in the center bar. After cracking had been produced,
from three to nine additional runs were made with the strain gage on
the center bar. Strains were then measured on the other two bars, two
to six runs being made for each gage line. The strain gage was then
returned to the center bar where one or two runs were made before
the test to failure.
In the test to failure, strains were measured only on the center
gage line. The load was increased in increments of 50 lb. until the
maximum load was reached.
After failure, the beams were examined for cracks in the mortar.
One such crack was found on each of the beams of Series A, but in
neither case did the crack intersect the strain gage line. Two cracks
were found in beam B1, both of which intersected the gage line near
its ends. One crack was found in beam B2 and it too intersected the
gage line near one end.
6. Calculation of Strain.-In the calculation of strain, the meas-
ured properties of the beams were used insofar as possible. The
effective depth to the reinforcement was determined by actual meas-
urements at each gage line after the mortar had been chipped away.
The average value of this depth was 1.44 in. with a maximum devia-
tion for a single gage line of 5 per cent. The average was used in the
calculations.
The modulus of elasticity of the mortar was approximately the
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same for the two sets of beams. Consequently the average of the two
values given in Table 11 was used in the calculations.
Strains were computed for two assumptions: (1) that the mortar
was uncracked and capable of carrying tension, and (2) that the
mortar was fully cracked and carried no tension whatsoever. The
moment used in the calculations was the statical moment at midspan,
and account was taken of the distribution of the load in computing
the moment.
7. Strains at First Cracking.-Load-strain curves for the first ap-
plication of load are given for each beam in Fig. 49. The curves are
typical of those usually found for loads producing first cracking, and
may be compared with those given in Figs. 18 and 34. It is of inter-
est to note, however, that the shapes of the curves are similar for
beams A and B although there was no crack intersecting the gage lines
on either of the beams in Series A.
In Fig. 49, the magnitude of the residual strain on the release of
load is indicated by the solid circles on the zero-load line. For beams
A, which were tested after being permitted to dry out for 22 days, the
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FIG. 49. STRAINS IN REINFORCEMENT OF MORTAR CONTROL BEAMS FOR
LOADS PRODUCING FIRST CRACKING OF SLAB
residual strain was 28 x 10-1. The residual strain for beams B, which
were cured moist for 28 days and tested moist, was only 16 to 19 x 10- ,
or about 30 to 40 per cent less than that for beams A.
From the above, it may be tentatively concluded that at least part
of the residual strain is due to the release by cracking of the beam of
compressive strains in the reinforcement which resulted from shrink-
age of the mortar. It must also be concluded, however, that not all of
the residual strain can be attributed to shrinkage.
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FIG. 50. LOAD-STRAIN CURVES FOR REINFORCEMENT IN MORTAR CONTROL BEAMS
8. Relation between Measured and Computed Strains.-The results
of the remaining tests are given in Fig. 50, in which the average load-
strain curves for each gage line on each beam are plotted. In obtaining
average curves from the several sets of strains available from the
various runs at each gage line, some exercise of judgment was required
in the elimination of data which appeared to be defective. The agree-
ment between the two to nine sets of data available for each gage line
was seldom perfect, but, in general, it was better than the agreement
between the average strains for the individual gage lines on a
given beam.
To facilitate comparison of measured and computed strains, nu-
merical values from the curves in Fig. 50 are given in Table 12. The
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TABLE 12
COMPARISON OF MEASURED AND COMPUTED STRAINS FOR
REINFORCED MORTAR BEAMS
(Strain at 500 lb.) X 105
Tae Ti- ____ Measured
Beam Gage Line Computed %
Measured Computed'
Al E 99 115 86
C 84 115 73
W 99 115 86
Av. 94 115 82
A2 E 92 115 80
C 115 115 100
W 108 115 94
Av. 105 115 91
Bl E 118 115 103
C 126 115 110
W 105 115 91
Av. 116 115 101
B2 E 122 115 106
C 128 115 111
W 125 115 109
Av. 125 115 109
Grand Average 110 115 96
'For assumption of no tension carried by the mortar.
ratios of measured to computed strains are given in the last column of
the table. The greatest difference between measured and computed
strains at an individual gage line is 27 per cent for the center gage
line on beam Al. The greatest difference between the average strain
for all gage lines on a single beam is 18 per cent for beam Al. It may
be noted from the table that the measured strains for beams A, in
which the observed cracks did not cross the gage line, were always
less than the computed strains. The opposite was true for beams B, in
which all of the observed cracks intersected the gage lines.
In Fig. 50, a break is shown in the computed curves at a load cor-
responding to a strain of 152 x 10- 5, the strain at which yielding began
in tension tests of the reinforcement bars. The load at which yielding
began in the beam tests (as indicated by a break in the observed
load-strain curves) was from 6 to 12 per cent greater than that indi-
cated by the analysis. Furthermore, except for beam Al, the break in
the observed load-strain curves occurred at a strain considerably
greater than 152 x 10-1.
9. Conclusions.-The following conclusions may be drawn from
the results of the tests of small reinforced mortar beams.
ILLINOIS ENGINEERING EXPERIMENT STATION
(1) The residual strains observed on the release of load after the
first application producing cracking were 30 to 40 per cent less for the
beams tested wet than for those which had been allowed to dry out
before testing. Although there were other differences between the two
sets of beams, such as differences in compressive strength and modulus
of rupture, the results suggest that part of the residual strain com-
monly observed may be attributed to the release of compressive strains
produced by shrinkage of the mortar.
(2) The maximum difference between measured and computed
strains for a single gage line was 27 per cent, while the maximum dif-
ference for the average strain in a single beam was 18 per cent. These
comparisons are for loads producing a stress of about 30 000 to 35 000
lb. per sq. in. in the reinforcement.
(3) The load at which the observed strain began to increase rapidly
was from 6 to 12 per cent greater than the load at which yielding of
the reinforcement should theoretically occur according to the usual
method of analysis. Furthermore, the observed rapid increase in strain
usually began at a magnitude of measured strain appreciably greater
than that observed in tension tests of the reinforcement bars.
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